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Preface 

A period of rapid advance in science or engineering tends to follow 
the development of a new theory or a new experimental method. For 
example, development of the wave theory of light led to a new 
understanding of the elemental composition of the universe, develop¬ 
ment of the optical microscope led to a new understanding of the 
mechanisms that cause disease, and development of the technique of 
gene splicing is leading to a new understanding of the functions and 
mechanisms of DNA. New experimental methods include not only 
procedures but also new environments in which research can be 
conducted. Space is such an environment. 

The space environment provides unique characteristics for the 
conduct of scientific and engineering research. Extreme vacuums, 
down to 10~ 15 Torr, can be produced. Large experimental apparatus 
can be built ahd operated in space. There is no significant atmosphere 
to interfere with astronomical and other observation. Radiation 
unobstructed by the Earth’s atmosphere can be studied scientifically 
and can be utilized for various purposes. Ultra-high speeds are 
possible above the atmosphere for long durations and can be the basis 
of novel investigations. And nearly gravity-free environments can be 
obtained. Each of these characteristics enables the conduct of a 
special set of experiments or measurements not otherwise possible. 
This book addresses those experiments and measurements that might 
become possible by taking advantage of low-gravity environments 
obtained in space. 

Access to a low-gravity environment offers the possibility of 
improving the research process in the following three ways: 

1) Better results may be obtained in certain projects if they are 
conducted in a low-gravity environment. For example, fluid flow and 
heat-transfer science might benefit from research in low and variable 
gravitational fields where the effects of gravity can be separated from 
other phenomena present. 

2) Some projects may be able to obtain comparable results at a 
reduced cost. For example, the separation and purification of 
biological substances for detailed study on Earth may benefit from a 
low-gravity environment, making it possible to produce useful 
quantities at reasonable cost. 
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3) New areas of research may open up to investigation, for 
example, testing various theories of gravitation and performing 
experiments on second-order or cooperative phase transitions. 

The National Aeronautics and Space Administration (NASA) of 
the USA developed the Space Shuttle as the principal component of 
the national Space Transportation System (STS) and is proposing to 
construct an orbiting space station over the next decade. Other 
nations have announced similar plans for space laboratories. These 
and other elements of space infrastructure will enable many new 
activities to be conducted in space, especially research. As new space 
platforms such as longer duration space shuttles, the space station, 
and special free-flying platforms become operational, opportunities 
for fundamental academic research will greatly expand. 

To explore the opportunities for research in a low-gravity 
environment, the National Science Foundation (NSF) conducted 
a one-and-one-half-day workshop entitled “Opportunities for 
Academic Research in a Low-Gravity Environment.” The workshop 
was held in Washington, D.C., on July 10 and 11, 1985. It consisted 
of a series of formal presentations on eight topics, as defined below, 
followed by a panel discussion on the policy implications of the 
identified research opportunities. The papers prepared for this 
workshop are the basis of this book. 

Topic 1: Infrastructures for Low-Gravity Research 

Facilities enabling the conduct of research in low-gravity environ¬ 
ments have expanded considerably over the past few years with the 
emerging operational capabilities of the Space Shuttle. It is now 
possible to place experimental apparatus in space, provide for their 
operation by man, and retrieve all or part of the apparatus for later 
analysis on Earth. These capabilities and facilities are leading to new 
areas of research in the physical sciences and engineering. This 
chapter discusses the emerging infrastructures for low-gravity re¬ 
search and the provisions that NASA has made for their exploitation. 

Topic 2: Critical Phenomena 

The study of critical phenomena is an important area of physics. 
Kenneth Wilson of Cornell University was recently awarded the 
Nobel Prize for theoretical work in renormalization theory. Ex¬ 
perimental verification of his results are difficult, however, because 
of the nature of the materials involved. High-resolution measure¬ 
ments of critical phenomena, such as the lambda transition in 
helium—an example of a cooperative or second-order phase transi¬ 
tion—are “rounded” by gravitational forces. By performing such 
measurements in a low-gravity environment, the transition points can 
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be approached much more closely than they can on Earth. Two 
chapters in this area discuss very high-resolution measurements at low 
temperatures and critical point phenomena. 

Topic 3: Gravitation 

The development and testing of theories of gravitation is one of the 
most challenging areas of modern physics. Earth-based experiments 
are limited by many factors. The space environment, on the other 
hand, provides an opportunity to test relativity and other theories of 
gravitation. This chapter discusses the use of space to test the 
equivalence principle between gravitational and inertial mass. 

Topic 4: Crystal Growth 

The force of gravity interferes with the growth of several types of 
crystals, limiting the extent to which they can be grown on Earth. 
Recent experiments in space have demonstrated an ability to grow 
crystals up to 1000 times larger than comparable crystals grown on 
Earth, opening several areas for research. Techniques for growing 
crystals in space include melt growth, float zone growth, solution 
growth, and vapor growth. Crystal growth in space offers the 
prospect of growing large crystals for commercial use, instrumenta¬ 
tion, and for research. Typical applications include electro-optical 
crystals and biological crystals (protein crystals), the latter being 
important in biotechnology research. This chapter discusses the 
opportunities for research in this broad field. 

Topic 5: Metals and Alloys 

Metals and alloys prepared on Earth are limited by the force of 
gravity, which, for example, may cause materials to separate on 
solidification. Preparation of materials in a low-gravity environment 
promises to extend material properties in many ways. For example, 
directionally aligned composites show potential for exceptionally 
high magnetic coercivity that could lead to order-of-magnitude 
increases in magnetic strength. Also, it may be possible to prepare 
miscibility gap alloys that defy preparation in a 1-g environment. This 
chapter reviews the prospects for metals and alloys research in a 
low-gravity environment. 

Topic 6: Containerless Processing 

Attempts to produce extremely pure materials on Earth are 
sometimes liriiited by contamination introduced by the containers in 
which the materials are produced. Elimination of such containers, as 
is theoretically possible in a low-gravity environment, could remove 
this limitation. This could lead to the production of amorphous 
materials that cannot be made on Earth. In addition, without the 
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need for a container, measurements of molten material properties 
could be made at temperatures that exceed the melting point of 
crucibles. This chapter reviews levitation methods and discusses 
containerless research possible in a low-gravity environment. 

Topic 7: Combustion 

Theoretical constructs of combustion processes tend to ignore the 
force of gravity because of the mathematical complexity that it 
imposes. On the other hand, available experimental data have been 
acquired heretofore in a gravitational field on Earth or under 
conditions of acceleration. Attempts to include gravity in theoretical 
constructs tend to force the neglect of other effects; usually the 
inclusion of gravity requires truncation of the terms describing the 
chemistry of the combustion process. One purpose of performing 
combustion experiments in a low-gravity environment is to obtain 
experimental data that correspond to the commonly employed 
theoretical constructs. Experimental and theoretical findings derived 
from these data should serve as a basis for understanding combustion 
phenomena encountered under normal gravitational conditions. 
Combustion scientists have an even more pressing reason for seeking 
to understand the physical role played by gravity in all ignition and 
combustion phenomena; it is that only through such understanding 
can engineers develop confidence in coping with the ever-present fire 
hazard in space vehicles and space platforms. This chapter discusses 
combustion research in a low-gravity environment, including flame 
propagation and extinction, radiative ignition, and heterogeneous 
processes in autoignition. 

Topic 8: Fluid Dynamics 

The disciplines of fluid dynamics cover a wide range of topics that 
are researchable in a low-gravity environment. Three major areas 
include transport phenomena, large-scale fluid dynamic modeling, 
and surface-tension phenomena. The development of theories of 
transport phenomena are important for the development of equip¬ 
ment for separation and purification of such things as biological 
materials. Considerable progress already has been made in this area, 
with a promise of commercial products and materials for research 
becoming available over the next few years. Experiments in low 
gravity should enable verification of large-scale models of planetary 
circulations (atmospheres and oceans). Finally, low-gravity research 
should enable development of a fundamental theory of surface- 
tension-driven flows (Marangoni convection), important in the 
understanding of surface properties of liquid metals. Two chapters 
under this topic address low-gravity research in these areas. 
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It was the intention of the Editors, in planning this book, to 
provide in a widely circulated form, a basis for innovative thought on 
research that might be performed in space laboratories in low-gravity 
or microgravity conditions. The preceding summary account of 
various scientific possibilities, which represents the scope of this 
book, does not represent, by any means, the wide range of scientific 
and engineering research that can be accomplished in a space 
laboratory. Thus, in the fundamental sciences alone, astronomers, 
biologists, physicists, and others in other disciplines have their own 
goals not mentioned here. This book is addressed mainly to research 
engineers and applied scientists, and even with this restriction, it 
represents only a sampling of topics. If new ideas for scientific 
research should emerge from the study of this book, it will have 
served its purpose. 

We would like to thank Martha Pien of The MAXIMA Corpora¬ 
tion, whose care and excellent editing brought greater lucidity to this 
book. 


George A. Hazelrigg 
Joseph M. Reynolds 
August 1986 
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Chapter 1 


Facilities and Programs for Research 
in a Low-Gravity Environment 

Richard E. Halpern* 

National Aeronautics and Space Administration, Washington, D.C. 


Historical Developments 

Research in a low-gravity environment was initiated 
by NASA in the mid-to-late 1960s, fostered by the need to 
master propellant characteristics, fire control, and the 
assembly of structures in space—elements all essential to 
manned spaceflight. Propellant requirements of the Apollo 
lunar landing program stimulated research on the effects 
of surface tensions and inertia in partially filled con¬ 
tainers. Similarly, interest in onorbit repair and assembly 
required engineering studies of brazing and welding 
phenomena under low-gravity conditions. 

In the course of these investigations, it was found 
that unrestrained liquid masses would form large free- 
flying globules, that vapor bubbles could grow virtually 
without limit in boiling liquids, and that flames quickly 
become blanketed with their own combustion products. 
These effects of weightlessness were first treated as 
problems in the engineering of spacecraft systems, only 
later to be recognized as exploitable phenomena useful in 
creating novel processes and products in space. 

In 1966, personnel from the NASA Marshall Space 
Flight Center embarked on a series of visits to manufac¬ 
turing companies to explore possible industrial interest in 
space applications. In 1969, NASA initiated its first formal 
space processing activities under the Materials Science and 
Manufacturing in Space program. This program was jointly 
sponsored by the Agency's Office of Manned Spaceflight 
and Office of Aeronautics and Space Technology. To date, 
in-space materials processing research has been pursued 
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Astronautics, Inc. No copyright is asserted in the United States 
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license to exercise all rights under the copyright claimed herein 
for Governmental purposes. All other rights are reserved by the 
copyright owner. 

•Director, Microgravity Science and Applications Division, NASA. 

1 





Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



hr HtrU'sform iaitnspcm imUif Purchased from American Institute of Aeronautics and Astronautics 

2 R.E. HALPERN 

on the Apollo, Skylab, and Apollo-Soyuz manned spaceflight 
programs, on sounding rockets, and most recently on the 
space shuttle. 

Apollo 

A materials-processing flight experiment program was 
inaugurated in 1971 when three demonstration experiments 
were performed on the Apollo 14 lunar mission. These 
simple science demonstrations consisted of heat-flow and 
convection, electrophoretic separation, and composite¬ 
casting experiments. On Apollo 16 in early 1972, a more 
ambitious electrophoresis experiment was conducted; also in 
1972, Apollo 17 carried a heat-flow and convection 
demonstration. 

Skylab 

The 100-ton Skylab space laboratory station, flown 
during 1973 and 1974, offered the first opportunity for 
extensive experimentation in a low-gravity environment. A 
total of 15 materials-processing experiments and 9 science 
demonstrations were conducted on Skylab. The complement 
of experiments included crystal growth, metal composites, 
eutectics (a combination of two materials that has a lower 
melting point than either material alone), welding and 
brazing, fluid effects, and combustion processes. 

A materials-processing facility was an integral part of 
Skylab and was designed to accommodate aU Skylab space 
processing experiments involving the melting and resolidi¬ 
fication of materials. This facility was capable of venting 
into space, thus providing an evacuated environment for 
the experiments desired. A multipurpose electric furnace 
capable of reaching 1000°C was fitted within the materials- 
processing facility, allowing eight metals experiments to be 
conducted. 


Apollo-Soyuz 

The joint Soviet-American Apollo-Soyuz Test Project 
(ASTP), which flew in 1975, carried 12 space processing 
experiments and three demonstrations, including crystal 
growth of semiconductors, zero-gravity processing of 
magnets, surface-tension-induced convection, density 
separation during solidification of two alloys, and halide 
eutectic growth. In addition, two electrophoresis experi¬ 
ments were conducted on ASTP, one of which was devel¬ 
oped and funded by the Federal Republic of Germany. 
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RESEARCH FACILITIES AND PROGRAMS 3 

A modified Skylab furnace, capable of reaching 1150°C 
with increased control of temperature ranges, was carried 
aboard ASTP. ASTP allowed several investigators to con¬ 
firm Skylab results and make additional tests of previously 
observed phenomena. 

The Apollo, Skylab, and ASTP experiments were con¬ 
ceptually simple and limited in scope. The hardware was 
designed on the basis of equipment used on the ground 
and the experiments were supported by limited ground- 
based research. Consequently, the experiments were basi¬ 
cally reproductions of current techniques of processing 
materials carried out under low-gravity conditions. With 
the close of the Apollo program in 1975, no further human- 
tended materials-processing research opportunities were 
available until the 1980s, when the space shuttle became 
available. 

Ground-Based Facilities 

Research in space tends to be complex, expensive, 
and time-consuming. Therefore, it is generally desirable 
that one undertake a space research project only after as 
much knowledge and experience has been gained through 
ground-based research as is practical to ensure that 
research conducted in space be as effective as possible. 
Low-gravity experiments can be conducted for limited 
periods of time using ground-based facilities, which have 
been developed both to gain new knowledge and to prepare 
experimenters for research in space. Low-gravity, ground- 
based research facilities include drop tubes, drop towers, 
microgravity research aircraft, and ground-based levita- 
tors. At one time, sounding rockets were also used to 
provide periods of low gravity—up to about 5 min—for 
research purposes; since the space shuttle has become 
available, however, the sounding rocket programs have 
been discontinued. 

Drop Tubes 

Four drop tubes, each of unique capabilities, are 
available for low-gravity research. Each is capable of 
accommodating small, uncontained material samples, which 
are to be heated to the melt phase and then allowed to 
resolidify under low-gravity conditions during free-fall in 
an evacuated tube. The drop tubes are located at the 
NASA Marshall Space Flight Center in Alabama and the Jet 
Propulsion Laboratory in California. 

100-Meter Drop Tube . The 100-m drop tube in opera¬ 
tion at NASA Marshall Space Flight Center is capable of 
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Fig. 1 
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providing up to 4.6 s of low gravity. The facility includes 
three apparatus for melting samples over the range of 
200°C to 3500°C (Fig. 1). 

Electron Bombardment (EB) Furnace. The EB furnace 
operates between 1600°C and 3500°C and is used for 
experiments that are to be conducted in a vacuum environ¬ 
ment. It uses the pendulant drop technique with omni¬ 
directional electron bombardment for heating. The design 
of the furnace permits isothermal heating of samples with 
no more than a 25°C temperature gradient across a 5-mm 
sample at 2500°C. Heating power is controlled by regula¬ 
tion of the power supply or positioning of the sample. A 
viewing slit is provided through which the thermal history 
of luminous samples is recorded by an automated fast 
response (0.1 s) pyrometer. The emission current striking 
the sample can also be accurately recorded. The sample 
shape can be in the form of a wire, rod, or disc. Materials 
such as niobium, tungsten, tantalum, vanadium, platinum, 
and copper have been melted in the EB furnace. 

Electromagnetic Levitator (EML) Furnace. The EML 
furnace operates between 500° and 3000°C and is used for 
experiments performed in vacuum and low-pressure 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


RESEARCH FACILITIES AND PROGRAMS 5 


gaseous environments. It is capable of levitating samples 
weighing up to .25 gram while allowing the sample to melt 
in a containerless state. Because it is a containerless- 
processing technique, crucible contamination is avoided 
when reactive metals are the subject of the experiment. 

The thermal history of the sample as it undergoes phase 
transition is recorded by pyrometer. 

Resistance Heating (RH) Capillary Tube. The RH 
tube operates between 200°C and 1600°C and uses a quartz 
capillary crucible to contain the sample during melting. 

The tubing resembles an eye dropper, controlling the 
sample size by varying the orifice diameter and the 
pneumatic pressure used to eject the sample when melted. 
The sample is melted in an inert gas atmosphere to avoid 
surface reactions and contamination. The thermal history 
is recorded by thermocouples installed in the furnace. 
Spectral emissivity can also be recorded if necessary. 

The drop-tube melting apparatus is housed in a 
stainless steel bell jar located directly above the stainless 
steel drop tube. The bell jar and tube are evacuated to a 
pressure of 10”® Torr by six turbomolecular pumps located 
at equally spaced intervals along the tube. Acceleration of 
10-6 g during cooling is attainable in the vacuum environ¬ 
ment. The tube may be backfilled with inert gas to 
increase the cooling rate for low-melting-point materials, 
increasing the lowest attainable acceleration to 10~3 g in a 
helium (He) environment. Higher gas pressures—100 Torr 
to 750 Torr—can be used to increase cooling, although 
doing so results in substantial acceleration forces. 
Nonetheless, in this mode, the facility can be used for con¬ 
tainerless processing. 

Following free-fall, samples are decelerated and 
caught in a detachable fixture, which has a foil inner sur¬ 
face. As the sample is retrieved, dry nitrogen or argon 
gas can be used to prevent water vapor from entering the 
system. 

Instrumentation and viewports are provided at three 
locations. Infrared detectors are mounted at each end of 
the tube and are used to determine the time of nucleation 
as the sample free-falls. The sensitivity of the infrared 
detectors is such that experiments with refractory metals 
of high melting point are most succussful. 


30-Meter Drop Tube . The 30-m drop tube (Fig. 2) is 
also located at the Marshall Space Flight Center and is 
similar to the 100-m drop tube. Free-fall times in the 30-m 
tube are limited to 2.6 s. Heating apparatus available with 
the 30-m tube include the EB furnace and the RH capillary 
tube. 
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13.7-Meter Force-Free Drop Tube . A 13.7-m, force- 
free drop tube is located at the Jet Propulsion Laboratory. 
This tube (Fig. 3) eliminates aerodynamic drag by forcing 
air downward with a 1-g acceleration by means of a suc¬ 
tion fan mounted at the base. This acceleration is 
accomplished by tapering the drop tube to increase the air 
velocity as the air moves down the tube. The design of the 
tube contour includes a correction for turbulent wall boun¬ 
dary layer displacement and allows for selection of the 
gravitational force between 10~® g and 1.0 g. 

13.2-Meter Cryogenic Drop Tube . A 13.2 m long, 

12.7 cm diam, thin-wall stainless steel drop tube, which 
provides 1.7 s of free-fall, is located at the Jet Propulsion 
Laboratory. Internal gas pressure can be controlled be¬ 
tween 10~5 Torr and 30 psia. This tube (Fig. 4) provides 
three temperature zones. This first is near the melting or 
liquid temperature and provides for the symmetrization of 
the spherical sample. The second is cryogenic, where a 
liquid nitrogen cooling jacket cools the wall to cryogenic 
temperatures. The third zone is maintained at room tem¬ 
perature. Observation windows are located directly below 
the sample drop generator and in the lowest zone for 
visual sample access. 



Fig. 2 The 30-m drop tube. 
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Fig. 5 Typical experiment capsule for the 145-m drop tower. 


Drop Towers 

Drop towers differ from drop tubes in their ability to 
accommodate large experimental packages, as opposed to 
small uncontained material samples. A drop tower usually 
uses a drop shield, which contains the experimental 
package and isolates the experiment from aerodynamic drag 
during free-fall. Auxiliary thrust may be provided to 
overcome the initial air resistance; however, facilities also 
exist that use an evacuated drop chamber. 

Three drop towers are available. These are located 
at NASA Lewis Research Center in Cleveland, Ohio, and 
Marshall Space Flight Center in Alabama. 

145-Meter Drop Tower with Vacuum Drop Chamber . A 
145-m drop tower with integral vacuum chamber is located 
at the Lewis Research Center. The test chamber is a 
shaft lined with a 0.45 m to 0.60 m thick concrete casing, 
with an inside diameter of 8.7 m. The shaft extends 
155 m, below grade elevation and contains a 6.1 m diam 
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Fig. 6 Bottom of the 145-m drop tower. 


Table 1 Specifications of the 145-m drop tower 


Test facility performance 


Zero-gravity duration 
5.15 s 


Test Mode 

Free-fall from top of vacuum 
chamber 


10 s 


Acceleration from bottom of 
vacuum chamber followed by 
free-fall 


Deceleration rate 


25 g mean with 35 to 50 g 
20 millesec peaks 


Vacuum test chamber 
Overall dimensions 
Drop height 
Ultimate vacuum 


6.1 m diam by 143 m deep 
132 m 

10" 2 Torr (in 1 h) 
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Table 1 Specifications of the 145-m drop tower (cont.) 


Deceleration tank 
Diameter 3.6 m 

Depth 6.1 m 


Service building 

South entrance 6.7 m wide by 7.3 m high roUing 

door (at assembly area) 

Elevator 1360 kilogram capacity 

floor area 1.2 m x 1.8 m 


Crane 


18.14 metric ton capacity 


Clean room 


Fed. Std. 209 Class 10,000 
(Class 100 potential) 


Data Acquisition 

18 channels of continuous data telemetered from experiment capsule 
(Standard IRIG FM/FM) 

Frequency range: 6 cps. to 10,000 cps. 

Overall system accuracy: 2-3 percent 

High speed motion picture data: 500 frames/s, 1,000 quartz iodine 
lamps for lighting 

High response tape recorder: 36 channels 


Experiment capsule 


Cylindrical vehicle: 

External dimensions: 1 m diam x 3.4 m high 

Experiment volume: 1 m diam x 1.5 m high 

Cold gas thruster for partial g acceleration of plus 0.003 g to 
0.015 g 

Maximum payload weight: 453.6 kilograms 


Rectangular capsule 
External dimensions; 

Test specimen envelope: 
Cold gas thrust systems: 

Maximum payload weight: 


5 m wide x 1.5 m long x 1.5 m high 
4 m wide x .61 m long x .45 m high 
0.003 g to .037 g positive acceleration 
0,013 g to 0.07 g negative acceleration 
69 kilograms 


Sphere 

1 m diam x 2.5 c thick 

Maximum payload weight: 182 kilograms 


Facility test frequency 


One or two tests per day, depending on complexity of experiment 
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vacuum chamber of 1.6 cm to 2.5 cm thick welded steel 
plates. A gravitational force of 10“5 g can be simulated 
by evacuation of the vacuum chamber to a pressure of 
10 - 2 Torr. Low-gravity conditions can be achieved for 5 s 
to 10 s, depending on the acceleration obtained. Specifica¬ 
tions of the 145-m drop tower are given in Table 1; 
cutaway views of the release station and bottom of the 
drop chamber are shown in Figs. 5 and 6. 

100-Meter Drop Tower . A 100-m drop tower is located 
at the Marshall Space Flight Center. This facility, 
described in Table 2 and shown in Fig. 7, permits experi¬ 
mentation for up to 4.275 s, and can accommodate experi¬ 
mental packages up to 0.76 m^ and 204 kilograms. The 
configuration includes a drag shield equipped with a bat¬ 
tery, electrical distribution panel, and telemetry system. 
Auxiliary thrust is provided to overcome aerodynamic drag 
during the free-fall period. 

30-Meter Drop Tower . A 30-m drop tower, shown in 
Fig. 8, is available at the Lewis Research Center. This 
facility achieves a low-gravity environment for up to 2.2 s. 
A drag shield is used to contain large experimental pack¬ 
ages and to isolate the experiment from aerodynamic drag 
during unguided free-fall. The drag shield is decelerated 
in an 8-ft sand pit at the bottom of the tower. Battery 
packs are available for onboard power, and high-speed 
movie cameras are used to obtain a record of the experi¬ 
mental sequence. This tower has been used to assist grad¬ 
uate students in thesis research, with experiments having 
been conducted in combustion and fluid physics. 


Table 2 Specifications of the 100-m drop tower 


Total drop height: 

101.7 m 

Package size 

Free fall height: 

8.9 m 

Height: .91 m 

Drag shield free-fall 


Width: .91 m 

time: 

4.275 s 

Length: .91 m 

Drag shield deceleration: 

25 g 


Drag Shield Dimensions 


Max Test Package Wt 

Length: 7.4 m 


204 kilograms 

Diam: 2.2 m 


Must be balanced 

Weight: 1642 kilograms 


Test area: 1.8 m x 2.4 

m 

Low Gravity Range 



Max: 4 x 10~2 

Min: 1 x lO - ® 

Aux Drag Shield Thrust: 
35 kilograms 
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Low-Gravity Research Aircraft 

Several aircraft have been used to simulate a low- 
gravity environment for up to 60 s. Three aircraft are 
currently in use by NASA. 

F-104 . The F-104 is a modified supersonic, two-place 
jet fighter (Fig. 9). Flying a parabolic trajectory between 
25,000 ft and 65,000 ft, the F-104 is capable of a variable 
low-gravity period of approximately 60 s. The experimen¬ 
tal package must be capable of surviving a 3-g accelera¬ 
tion and is restricted to a size of 10 in x 15 in x 21 in 
and a weight of 35 lbs. Experiments must be fuUy auto¬ 
mated, except for on-off functions and are limited to one 
low-gravity maneuver per flight. The F-104 can provide 
28 Vdc at 35 A and cooling air between 60°F and 90°F. 

KC-135 . The KC-135 is a four-engine cargo-type 
aircraft that can fly a 25 s parabolic arc between 24,000 ft 
and 34,000 ft (Fig 10). Up to 40 low-gravity maneuvers 
can be performed on a single flight. The experiment 
package must be capable of surviving 2.5-g acceleration. 
The KC-135 has a 10 ft x 54 ft cargo bay with an average 
overhead clearance of 6 ft and a maximum floor loading of 
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200 psf, allowing great flexibility in the size and weight of 
the experiment. Available power includes 28 Vdc at 80 A, 
100 Vac at 50 A and 400 Hz, and 100 Vac at 25 A and 
60 Hz. 

Learjet . The Learjet Model 25 is a small executive jet 
capable of flying a parabolic trajectory between 11,000 ft 
and 18,000 ft and provides a low-gravity period of about 
20 s (Fig. 11). Multiple low-gravity maneuvers can be 
flown on each flight. 


Ground-Based Levitators 


One application of a low-gravity environment is to 
facilitate containerless processing. Container walls produce 
nucleation sites, which alter the solidification process of 
metals and alloys. Without such nucleation sites, materials 
can be cooled well below their solidification temperatures 
while in the molten state. When solidification does occur, 
it proceeds rapidly in producing unique structures, some¬ 
times with desirable properties such as high strength, 
resistance to corrosion, and magnetic "softness.” 

Levitation apparatus enable containerless processing 
in a low-gravity environment. In space, levitators can be 
used to position and manipulate samples during processing. 
A variety of force fields have been used to meet the 
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requirements of levitation for containerless processing. 
These include compressed air, acoustic, electromagnetic, 
and electrostatic techniques. Several levitation facilities 
are available for ground-based research. 

Airjet Levitator with Carbon Dioxide Laser Heating . 
The airjet levitator uses a compressed air stream to levi¬ 
tate material samples for experiments in containerless- 
processing environments. During levitation, the samples 
can be melted with a 700 W carbon dioxide (CO 2 ) laser and 
then allowed to resolidify without physical contact with a 
containment vessel. Temperatures in excess of 2700°C 
have been obtained with this apparatus. The airjet levi- 



LOW G TIME: <.1G — 60 SEC. 

C.03G — 30 SEC. 

Fig. 9 Flight characteristics of the F-104. 



LOW G TIME: <.01G—15-25 SEC. 

<.001G—5.15 SEC. 

Fig. 10 Flight characteristics of the KC-135. 
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tator is located at the Marshall Space Flight Center and 
has been used principally in research on glass formation 
and oxide systems. 

Electromagnetic Levitator with Electron Bombardment 
Heating . The electromagnetic levitator, located at the 
Marshall Space Flight Center, uses a 25-kW coil to produce 
a levitating magnetic field. This device also uses an 
auxiliary electron bombardment heating system and has 
been used to levitate and melt tungsten and other refrac¬ 
tory metals. The facility includes a drop calorimeter for 
measurement of enthalpy of molten refractory metals. 

Single-Axis Acoustic Levitation System . The single¬ 
axis acoustic levitation system (Fig. 12) is available at the 
Marshall Space Flight Center. This system consists of four 
major subsystems plus the necessary external control and 
support equipment. Central to the levitator is a furnace 
capable of operation at 1600°C, an acoustic subsystem pro¬ 
viding levitation forces, a specimen control unit for inser¬ 
tion and retrieval of a test specimen, and a containment 
vessel to provide gas control and suitable pressurization. 

A test specimen can be inserted into the center of the 
furnace, released, and then positioned or levitated by the 
acoustic field. While levitated, the specimen can be melted 
and resolidified by cooling at a controlled rate. 

Electrostatic Levitators . Three different types of 
electrostatic levitators have been successfully demonstrated 
at the Jet Propulsion Laboratory. These include a dish, 
ring, and tetrahedral levitator (Fig. 13). The first two 



Fig. 11 Flight characteristics of the Learjet. 
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Fig. 12 Single-axis acoustic 
levitation system. 
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RING POSITIONER 



TETRAHEDRAL- 
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Fig. 13 Electrostatic levitators. 


have axially symmetric shapes and have the drawback of 
only single-axis damping (the axis of symmetry). The 
tetrahedral levitator is capable of three-axis positioning 
and damping, which makes it particularly suitable for use 
in a low-gravity environment. Stable levitation of a glass 
shell 1.5 cm in diameter and 0.1 gram in mass has been 
demonstrated. In electrostatic levitators, the material is 
electrically charged and the force is produced by electric 
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fields between electrodes. Stable positioning is obtained 
by a feedback system that constantly monitors the position 
of the object. 

Space Shuttle Facilities 

The growing operational capabilities of the space 
shuttle provide excellent opportunities for the conduct of 
research in a low-gravity environment. The space shuttle 
enables experiments to be conducted under conditions of 
relatively low gravity—on the order of 10~4 g con¬ 
tinuously, down to 10~6 g for short periods of time—for up 
to about 7 days. These experiments may be human-tended 
and are returned to Earth for postflight evaluation and 
reflight. Research aboard the space shuttle can be con¬ 
ducted on the orbiter middeck, in the orbiter payload or 
cargo bay on specialized pallets, or in the pressurized 
Spacelab module. 

The Orbiter Middeck 

The orbiter middeck is a confined space located 
directly below the flight deck and adjacent to the payload 
bay. The orbiter middeck (Fig. 14) provides frequent 
access to a low-gravity environment for research purposes 
—three to five flight opportunities per year—along with 
simplified experimental payload integration (both in time 
and cost), access to the experimental equipment located on 



MIDDECK FORWARD 

1 STORAGE LOCKERS 

2 SLEEP STATION 



1 GALLEY 

2 HATCH 

3 TOILET 

4 LADDER TO FLIGHT DECK 

5 AIRLOCK 


Fig. 14 Space shuttle orbiter middeck area. 
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the middeck up to as late as 12 h prior to launch, and the 
possibility of crew interaction with the experimental 
apparatus. Middeck experiments are limited in size, power, 
and heat rejection. Operating temperatures are con¬ 
strained to provide for crew safety and heat rejection, and 
power requirements are limited to 28 Vdc (up to 10 A) or 
115 Vac (400 Hz, 3-phase, up to 3 A/phase). Standardized 
experiment carriers developed for use on the middeck 
include a series of large and small storage trays fitted to 
a modular storage locker and the Experiment Apparatus 
Container. 

Modular Storage Locker . A total of 42 modular 
storage lockers are available in the middeck area. The 
standard lockers can be used with or without reusable 
trays. Eack locker provides 2 ft^ of storage volume and is 
designed to hold 60 lbs maximum (40 lbs average for all 
lockers). The locker has a hinged door with a magnetic 
latch for onorbit use and two captive latches for securing 
the door during launch and entry/landing. The door has 
a friction hinge for low-gravity positioning and can be 
opened approximately 180 degrees. 

Locker storage trays consist of pressure-formed 
plastic and are available in two sizes. Each locker is 
capable of receiving either one large tray or two small 


MODULAR LOCKER DOOR (FRONT VIEW) 



Fig. 15 Configuration of the Middle Storage Locker. 
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trays. The large tray volume is 1.8 ft^, with inside dimen¬ 
sions of 16.95 in x 20 x 9.59 in; the small tray volume is 
0.85 ft'3, with the same length and width dimensions and a 
height of 4.64 in. The small trays are separated by guides 
containing friction devices on the locker sidewalls, allowing 
each tray to be removed individually yet keeping them in 
place in a low-gravity environment. The middeck locker 
(Fig. 15) can be replaced by the use of adapter plates, 
which are designed for attachment to the locker support 
structure in place of the lockers. Adapter plates are 
available in both single- and double-locker configurations 
and, along with modified locker doors, power cables, and 
connectors, can be provided as a part of the Middeck 
Payload Accomodation Kit (MPAK). 

Experiment Apparatus Container (EAC) . EACs have 
been designed for use in the middeck and payload bay. 
Their purpose is to contain experiments so that require¬ 
ments for outgassing, flammability, and toxicity may be 
waived. The middeck EAC (Fig. 16) can include a Middeck 
Electronics Module (MEM) that becomes an integral part of 
the experiment, providing power and data acquisi¬ 
tion/control elements. Both the EAC and MEM are con¬ 
figured for attachment to standard double and single 
adaptor plates and installation in the space provided for 
modular storage lockers. The maximum allowable weight of 
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a complete EAC experimental package is 120 lbs. The EAC 
does not provide access to cooling in the locker area. 

The Orbiter Payload Bay 

The orbiter payload bay (Fig. 17) offers important 
advantages to certain experiments over the middeck area, 
such as higher operating temperatures, larger experimental 
volumes, and more massive experimental systems. These 
advantages come, however, at added integration time and 
cost, and forego the availability of crew interaction. 
Experiments in the payload bay are activated by remote 
control, with the exception of those experiments conducted 
in the Spacelab module. Carriers developed for use in the 
payload bay include the Materials Science Laboratory, the 
Materials Experiment Assembly, the payload Experiment 
Apparatus Container (EAC), and the Get-Away-Special 
Canister. 

Materials Science Laboratory (MSL) . The MSL is a 
multicapability research facility configured to carry a 
variety of experimental apparatus along with subsystems 
for data acquisition, system control, power distribution, 
and fluid handling. The base structure is referred to as a 
Mission Peculiar Experiment Support Structure (MPESS). 
Apparatus and subsystems are mounted on the MPESS to 
form a specific MSL configuration (see the MSL-2 shown in 
Fig. 18). 

Similar in concept to the MSL is the Hitchhiker. This 
carrier also uses the MPESS base structure and a full 



REMOTE PAYLOAD 

MANIPULATOR BAY DOOR 
SYSTEM ARM 


Fig. 17 Configuration of the space shuttle payload bay. 
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range of host subsystems; however, the Hitchhiker will be 
used when additional payload bay capacity is available 
after manifesting of the primary payloads or when can¬ 
cellations in the flight manifest result in available payload 
bay capacity. In essence, the Hitchhiker payloads fly 
"standby." 

Materials Experiment Assembly (MEA) . The MEA 
(Fig. 19) is similar in concept, but different in structure, 
to the MSL. It consists of a small group of up to three 
experimental apparatus integrated into one package and 
designed to be carried on the MPESS. The MEA contains 
specific experimental apparatus and subsystems integrated 
to form a unique MEA configuration. It typically comprises 
a small experiment system or group of small experiments 
that are completely self-contained and self-sufficient. 

Once a particular configuration is developed and proven 
flight ready, it may fly standby on a space-available basis 
with as short as a 6-month integration schedule. 

Experiment Apparatus Container (EAC) . The EAC 
designed for use in the payload bay is larger than the 
middeck EAC, although similar ih concept, and it uses the 
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MSL host subsystems for control and support (see Fig. 

20). The EAC is suited to experiments with greater weight 
and power requirements than are available on the middeck. 

Get-Away Special (GAS) Canister . The GAS canister 
is a standardized cylindrical aluminum container offered by 
NASA to experimenters for research in low-gravity science 
(Fig. 21). Standard canisters are provided in two sizes, 

2.5 ft^ and 5 ft^, and will accept payloads of up to 100 lbs 
and 200 lbs, respectively. GAS canisters are designed to 
allow standard interfacing of small, self-contained payloads 
in the orbiter payload bay. They serve as pressure 
vessels, capable of evacuation and pressurization and 
include an insulated exterior on the bottom and side for 
thermal control. GAS payloads may use only three on-off 
controls operated by the shuttle crew. Electrical power, 
heating and cooling, and data acquisition must be provided 
with the experimental apparatus. 

Spacelab 

The Spacelab system was designed and built under 
the auspices of the European Space Agency (ESA) as a 
manned, low-gravity laboratory for flight in the payload 
bay of the space shuttle. Work on Spacelab commenced 
with a Memorandum of Understanding reached between ESA 
and NASA in 1973. Under this agreement, ESA assumed 
responsibility for design, development, construction, test, 
and delivery of a Spacelab engineering model, a Spacelab 
flight unit, spare parts, and two sets of Spacelab ground- 
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The pallets are open platforms that support instru¬ 
ments and experiments that require exposure to space. 

Each pallet segment is 3 m long, and five pallets are 
available for use. The pallets provide for instrument 
mounting and for the subsystems that cool equipment, fur¬ 
nish electrical connections, and furnish connections for 
experiment command and data acquisition. Each pallet can 
accommodate payloads up to 3,085 kilograms. When the 
Spacelab is used in the pallet-only configuration, the 
requisite subsystems, nominally contained in the core 
segment, are housed in a small, pressurized, temperature- 
controlled structure called an igloo. 

The instrument-pointing system is a general purpose 
attitude-control system for pointing and controlling pallet- 
mounted experiments that require high pointing accuracy 
(1 arc/s). It can accommodate payloads of up to 2,690 
kilograms, and it is 4 m long and 2 m diam. It includes a 
gyro unit and an electronics unit. The instrument¬ 
pointing system was designed to accommodate astronomy, 
solar physics, high energy astrophysics, and Earth- 
observation experiments. 

The Spacelab tunnel is the adapter that provides a 
connection between the space shuttle and Spacelab core 
segment, enabling astronauts access and egress to the 
Spacelab. It is pressurized and segmented so that its 
length can be adapted to various needs, and it can be 
fitted with an airlock module that provides access to space. 

Space Station 

The space shuttle provides today for human presence 
in space and enables the conduct of experiments in a low- 
gravity environment for durations of about 7 days. The 
limitations on research in space imposed by the space 
shuttle will be largely removed when the space station, 
which will provide for human permanence in space, becomes 
operational in the 1990s. Great effort has already been 
devoted to space station planning to ensure its utility as a 
research laboratory. 

The space station will include a manned multipurpose 
laboratory module uniquely suited to microgravity materials 
research. In preparation, the NASA Microgravity Science 
and Applications Program has initiated a study activity 
known as the Microgravity and Materials Processing 
Facility (MMPF). Design specification of the MMPF has 
already involved the academic and industrial communities 
through Discipline Working Groups and workshops, and 
through the space station Working Group, which works 
closely with the Space and Earth Sciences Advisory 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



wbrU'sfarm hrtimfom imitrAip Purchased from American Institute of Aeronautics and Astronautics 

26 R E. HALPERN 

Committee (SESAC) Task Force on scientific uses of the 
space station. The SESAC Task Force is chaired by 
Dr. Peter Banks of Stanford University. 

It is difficult at this time to identify the specific 
facilities and capabilities that the space station will include 
because these are still undergoing definition. But it is 
clear that a major focus of the space station will be the 
support of low-gravity research, and the organizations that 
will be in the best position to take advantage of the space 
station when it becomes operational are those organizations 
that will have been conducting low-gravity research prior 
to the availability of the space station, by using facilities 
such as the space shuttle. 


Microgravity Science and Applications Program 

Virtually all civilian research in a low-gravity 
environment is currently coordinated by the NASA 
Microgravity Science and Applications Program (see 
Appendix B). The goals of this program are as follows: 

o To investigate the behavior of materials and fluids 
and the effects on processes carried out in the 
micro gravity environment 

o To provide a better understanding of the effects 
and limitations imposed by gravity in processes 
carried out on Earth 

o To evolve processes that exploit the unique 

characteristics of the microgravity environment of 
space to accomplish results that cannot be obtained 
in unit gravity 

o To explore and determine potential applications for 
the commercial use of space. 


The Microgravity Science and Applications Program 
concentrates on the physical sciences but does not include 
the study of the effects of gravity on living organisms 
(research in this area is conducted under the auspices of 
the NASA Life Sciences Program). The current program 
includes the following six disciplines: 

o Electronic materials 
o Biotechnology 
o Metals and alloys 
o Glasses and ceramics 
o Combustion science 

o Fluid dynamics and transport phenomena 
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Current supported research includes activities at 
approximately 60 universities, 10 industrial organizations, 3 
nonprofit organizations, the National Bureau of Standards, 

4 NASA Field Centers, and the Jet Propulsion Laboratory. 

The Microgravity Science and Applications Program is 
divided into two elements: ground-based research and 
flight research. The ground-based research consists of 
laboratory research at the principal investigators' (Pis) 
home institutions and at NASA facilities, including drop 
tubes, drop towers, and aircraft, and at the Microgravity 
Materials Science Laboratory located at the NASA Lewis 
Research Center in Cleveland, Ohio. Ground-based 
research establishes the knowledge base and experience 
necessary for effective experimentation in space. The 
flight research element includes the apparatus development, 
PI support, and data analysis activities directly related to 
flight aboard the space shuttle. This program element 
includes experimental activities on the space shuttle mid¬ 
deck area, on specially designed support structures in the 
cargo bay, and in the pressurized Spacelab module. 

One objective of the flight research element of the 
Microgravity Science and Applications Program is to 
construct and qualify space laboratory facilities that will 
support a range of experimental activities. During 1984, 
several apparatus were completed and readied for flight on 
the space shuttle. These apparatus include the following: 

o Acoustic Containerless Experiment System (ACES) 
o Isoelectric Focusing System (IEF) 
o Automated Directional Solidification Furnace 
(ADSF) 

o General Purpose Rocket Furnace-3 (Gradient) 
(GPRF-3) 

o General Purpose Rocket Furnace-4 (Gradient) 
(GPRF-4) 

o Electromagnetic Levitator (EML) 
o Fluid Experiment System (FES) 
o Vapor Crystal Growth System (VCGS) 

During 1984, conceptual design reviews of proposed 
Physics and Chemistry Experiments (PACE) led to the 
approval of two flight programs. The first involves the 
measurement of the specific heat of He at the lambda point. 
The PI for this experiment is Dr. William Fairbank of 
Stanford University, who will be assisted by Dr. John Lipa. 
The second is on solid surface combustion with Dr. Robert 
Altenkirch of the University of Kentucky as PI. These 
research projects are described in later chapters of this 
book. Tentative approval for flight development was also 
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given to the Advanced Automatic Directional Solidification 
Furnace (AADSF), designed to provide a broad range of 
materials-processing conditions. The AADSF will be used 
for the processing and growth of crystalline electronic 
materials such as mercury-cadmium-telluride (HgCdTe). 

The Microgravity Science and Applications Program 
has established a series of reviews as standard for flight 
hardware development. These reviews ensure the con¬ 
sideration of all key aspects of each project while develop¬ 
ment is underway. Of foremost consideration is the 
continuing involvement of a science panel to validate that 
the hardware development is consistent with the approved 
science requirements. In addition, programmatic status is 
reviewed in detail to ensure adequate resources to effec¬ 
tively complete each project. 

The foUowing are synopses of low-gravity flight 
research activities undertaken to date. 

Professor Harry Wiedemeier of Rensselaer Polytechnic . 
Institute completed analysis of his vapor crystal growth 
experiment flown on the space shuttle flight STS-7, June 
1983. Germanium-selenium (GeSe) crystals were grown by 
physical vapor transport in closed ampoules with a xenon 
buffer gas at 4 and 8 atmospheres with the use of the 
General Purpose Rocket Furnace (GPRF-2). The main 
objective of the experiment was to resolve the anomalous 
transport rates observed in GeSe growth experiments done 
on the Skylab and Apollo-Soyuz programs. The transport 
rates observed in Dr. Wiedemeier's experiment were within 
20% of predicted rates and a factor of two lower than 
ground-control tests, confirming his theory that the prior 
anomalous rates were due to thermochemical effects of the 
homogenous gas-phase reactions. The experiment also 
achieved an unexpected result: some of the crystals grown 
in space were as large as 4 mm x 10 mm and 10 ym to 100 
ym thick, as opposed to ground-control experiments that 
produced crystals no larger than 1-mm square. 

Additionally, the ground-grown crystallites showed 
numerous and irregular growth terraces with a swirl-like 
pattern suggestive of convective flow, as well as a high 
density of surface pits, the origin of which has not been 
identified. The space-grown crystals, in contrast, were 
extremely smooth with more regular and widely spaced 
growth terraces and showed no evidence of surface pitting. 
It has been concluded from these experiments that 
gravity-driven convection has a profound effect on surface 
morphology. 

Flight experiments on STS-6 and STS-7 obtained data 
on continuous flow electrophoretic separation of biological 
substances. These data show the importance of different 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



ft, hnmlahimfa<s Purchased from American Institute of Aeronautics and Astronautics 

RESEARCH FACILITIES AND PROGRAMS 29 

electrical properties; the electrical conductivity of the 
sample and the buffer solution must be carefully matched 
to avoid electrical field distortions and, thus, fully utilize 
the high sample concentration possible in low gravity. It 
was shown that dramatic increases in throughput can be 
realized in continuous flow electrophoresis performed in 
low gravity by increasing the flow channel width and the 
concentration of the sample stream. In addition, live kid¬ 
ney and pituitary cells were separated on STS-8. The 
objectives of this work were to isolate the subfractions of 
kidney cells that produce the largest amounts of urokinase 
(plasminogen activator) and to isolate the subfractions of 
rat pituitary cells that secrete the growth hormone, pro¬ 
lactin, and other hormones. Kidney cells were separated 
into more than 32 fractions in each of two electrophoretic 
runs. Multiple assay methods confirmed that all cultured 
kidney cell fractions produced some urokinase, and five or 
six fractions produced triple or more the urokinase than 
the other fractions. Several fractions also produced 
tissue-plasminogen activator. The pituitary cells were 
separated into 48 fractions, and the patterns of hormone 
distribution indicate that the in-flight control pituitary 
cells did not secrete nearly as much growth hormone into 
the maintenance medium as did the ground controls. 

A monodisperse latex reactor (MLR) has been flown 
five times (on STS-3, STS-4, STS-6, STS-7, and STS-11) 
and has produced the first commercial material manufac¬ 
tured in space and marketed on Earth (Fig. 23). The 
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Fig. 23 Monodisperse latex spheres. 
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National Bureau of Standards has approved and begun sale 
of 10-ym latex beads, manufactured on STS-6, as the U.S. 
national 10-ym standard reference material. The PI for 
this work is Dr. John Vanderhoff of Lehigh University. 
Larger monodisperse spheres, also produced in space, have 
several potential applications, such as drug carriers and 
tracers in the body, animal and human blood flow studies, 
membrane and pore sizing in the body, and medical 
diagnostic tests. They may also be used for optical and 
electron microscope calibration. Coulter counters, and 
light-scattering devices. 

The ground-based research program comprises about 
100 individual research tasks in six program discipline 
areas. The majority of these tasks are intended to lead 
directly to a flight project; the others are specifically 
intended to provide the mathematical and theoretical models 
against which low-gravity experimental results are ana¬ 
lyzed and evaluated. The following are highlights of the 
ground-based program. 

Electronic Materials 


Dr. Klaus Bachman of North Carolina State University 
is conducting experiments in the II-VI materials, a family 
of compound semiconductors that can be lattice-matched for 
the growth of epitaxial HgCdTe. To develop more infor¬ 
mation on the growth of these materials, Dr. Bachman has 
grown crystals of CdTe, zinc-cadmium-telluride (ZnCdTe), 
manganese-cadmium-telluride (MnCdTe), and cadmium- 
selenium-telluride (CdSeTe) by the Bridgman technique. 

The CdTe crystals exhibit photoluminescence at room tem¬ 
perature, which implies that the crystal quality is very 
good. Photoluminescence measurements on the ZnCdTe 
show the deep level as being ccimpositionally dependent, 
but a constant distance from the band edge. That is, as 
the zinc content is increased, the band gap increases and 
the energy level of the deep level increases at the same 
rate. The deep level also exists in the CdSeTe. Further 
studies of these materials are planned to determine the 
cause of the deep level and to explain its unusual depen¬ 
dency on the various materials parameters. 

Ground-based tests for the effects of convection on 
crystal homogeneity and morphology are continuing. A 
technique for electrochemically etching lead-tin-teiluride 
has been developed. Preliminary results indicate signifi¬ 
cant differences in the morphology of the crystals grown 
by directional solidification when a free surface is present 
in a vertical downward growth (gravity in the direction 
opposite to the growth direction). 
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Biotechnology 

Dr. D.E. Brooks of the University of Oregon is con¬ 
ducting a research program in cell partitioning in two 
polymer aqueous phases. Cell-partitioning techniques are 
being developed as an analytical and preparative procedure 
for biomedical research and biotechnology. In 1984, 
polymer phase systems were flown on the KC-135 aircraft 
for comparison with space shuttle experiments. Ground- 
based research is also being conducted in electrophoresis 
technology to obtain an improved understanding of the 
hydrodynamic and electrokinetic processes involved. 

Metals and Alloys 

Dr. Ared Cezairliyan of the National Bureau of 
Standards initiated an investigation using the KC-135 
aircraft to determine if pulse calorimetry techniques for 
measuring the thermophysical properties of metals can 
benefit from low gravity. Earth-based techniques restrict 
the measurements to solids because the liquid zone falls 
when a metal becomes molten. Initial tests have shown 
that a liquid zone (using niobium) can be maintained at up 
to 50° of superheat. 

Dr. Mary Helen McCay of the Marshall Space Flight 
Center conducted an investigation to solidify samples of 
MAR-M246 in low gravity and compare these to ground- 
processed specimens. MAR-M246 is a nickel-based 
superalloy with carbon and boron fibers that is used in 
high-temperature applications. The samples produced in 
low gravity had a different secondary dendrite spacing, a 
decrease in carbide volume fraction, and a carbide shape 
change. These results could enhance the high-temperature 
properties. 

A series of F-104 flights have been conducted to 
quench samples of cast iron in low gravity. The tests 
were conducted to determine if grey iron could be cast in 
the low-gravity time available in the aircraft. This work 
has been conducted in cooperation with John Deere and 
Company. 

Glasses and Ceramics 


The ability to prepare inorganic oxide glasses can be 
limited by the tendency of the melt to heterogeneously 
nucleate and crystallize from the container wall. Under 
low-gravity conditions, which enable containerless pro¬ 
cessing, it should be possible to prepare glasses containing 
different and greater modifying ion content than could be 
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accomplished on Earth. Researchers at the Jet Propulsion 
Laboratory have been involved in research in this area 
with the objective of eventually conducting flight experi¬ 
ments. 

Combustion 


Flammability-limits research is being performed by 
Professor Roger Strehlow Of the University of Illinois. Six 
experiments have been performed in a series of Learjet 
flights, providing the first low-gravity flame tube experi¬ 
ments in which flames could proceed to completion. The 
unique three-axis acceleration measurements recorded in 
synchronization with the flame experiments have provided 
data that are now being used to examine correlations be¬ 
tween gravity perturbations and the stability and speed of 
flame propagation. 

Fluid Dynamics and Transport Phenomena 

Two areas of research concentration on fluid dynamics 
and transport phenomena are oscillatory motions of liquid 
drops and geophysical fluid flow experiments and comple¬ 
mentary theoretical studies. The latter topic, being 
pursued by John Hart, is discussed in Chapter 8B. 
Additional work on semiconductor crystal growth and 
metals and alloys has led to major advances in the 
understanding of phenomena such as surface-tension con¬ 
vection, thermosolutal flows, transient phenomena in fluid 
transport, electromagnetic effects on fluid flows, and 
Marangoni flows. 

In addition, the PACE program contains a ground- 
based element to provide for research and technology 
development aiming toward flight experiments. The PACE 
program includes both basic research and the conceptual 
design of flight apparatus. 

The ground-based program also includes four Centers 
of Excellence for the conduct of research in the above 
discipline areas. These centers include 1) the Materials 
Processing Center at the Massachusetts Institute of 
Technology, 2) the Institute for Theoretical Physics at the 
University of California at Santa Barbara, 3) the 
Bioprocessing and Pharmaceutical Research Center at 
University City Science Center, Philadelphia, and 4) the 
Center for Separation Science at the University of Arizona 
at Tucson. Each center receives a core grant, which may 
be allocated entirely at the discretion of the center. The 
centers will have participating researchers from both the 
industrial and academic communities, and they are expected 
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Table 3 NASA Office of Space Science and Applications 
Microgravity Science and Applications Division 


PACE experiments: fluid physics 


Location 

Princeton 

Case Western 
Reserve Univ. 


Case Western 
Berkeley 
Calif. Tech 

Univ. of Texas 
LeRC 


Principal Sponsoring 
Investigator Center 

D. Saville LeRC a 

S. Ostrach LeRC 

Y. Kamotani 


Experiment 

Electrohydrodynamics 

Surface-tension-driven 
convection under reduced- 
gravity conditions 

Free Surface Phenomena 
under low- and zero- 
gravity conditions 

Surface-tension-induced 
instabilities in reduced 
gravity: the Benard 
problem 

Mass-transport phenomena 
between bubbles and 
dissolved gases in liquids 
under reduced- 
gravity conditions 

Test of new thermodynamic National G. Morrison 

model of impurity extraction Bureau of J. Kinkaid 

by droplets Standards 


P. Concus LeRC 
R. Finn 

D. Coles 

E. Koschmieder LeRC 
A. Chal 


Univ. of Toledo K. Dewitt 


LeRC 


LeRC 


PACE experiments: critical phenomena 


Specific heat of helium 
through the lambda 
point 

Light-scattering tests of 
fundamental theories of 
transport properties in 
the critical region 

Precise viscosity measure¬ 
ments very close to 
critical points 

Critical transport 
phenomena in,fluid 
helium under low gravity 


Stanford Univ. 


W. Fairbank 
J. Lipa 


JPL b 


National Bureau M. Moldover LeRC 
of Standards 


National Bureau M. Moldover LeRC 
of Standards 


Duke Univ. 


H. Meyer GSFC c 
R. Behringer 


a LeRC is the Lewis Research Center. 
b JPL is the Jet Propulsion Laboratory. 
C GSFC is Goddard Space Flight Center. 
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to obtain significant additional funding from industrial 
sources as well as state and local governments. 

Another element of the ground-based research 
program is the Microgravity Materials Science Laboratory 
(MMSL), located at the NASA Lewis Research Center. The 
purpose of the MMSL is to provide access to industry, aca¬ 
demic, and government researchers who wish to conduct 
materials science and technology research on experimental 
apparatus similar to that being flown on the space shuttle. 
The MMSL will be fully equipped with materials research 
and analysis facilities and will be supported by the 
materials characterization and computational capabilities of 
the Lewis Research Center. The MMSL facility will be 
used to explore the baseline 1-g behavior of materials or 
processing phenomena in support of reduced gravity 
experimentation on the space shuttle and later on the 
space station. 

Current research projects being conducted under the 
auspices of the Microgravity Science and Applications 
Division of NASA are listed in "Microgravity Science and 
Applications Program Tasks," NASA TM-87568, 1985 (see 
Table 3). 

Mechanisms for Academic and Industrial Participation 

Civilian research in space is coordinated through 
NASA, which provides transportation to and from space, 
qualifies and integrates experimental payloads with other 
payloads sharing the space shuttle or other space vehicle, 
and coordinates or controls the conduct of experiments 
performed in space. Some research is funded entirely by 
NASA; other research may be funded by private sources in 
coordination with NASA. NASA maintains three provisions 
for partial sponsorship of research in space, Joint 
Endeavor Agreements, Technical Exchange Agreements, and 
Industrial Guest Investigator programs. University and 
industrial researchers may submit proposals directly to 
NASA for funding or to other government agencies such as 
the National Science Foundation (NSF). 


Commercial Activities 

NASA maintains a commitment to the commercial use of 
space and has formulated outreach programs to industry. 
Joint Endeavor Agreements, Technical Exchange Agree¬ 
ments, and the Industrial Guest Investigator programs are 
mechanisms for involving commercial enterprises in the 
conduct of research in a low-gravity environment. 
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Summary 

Scientific research in a low-gravity environment has 
now been conducted for over 20 years in support of the 
U.S. space program. Research efforts were initially 
designed to support NASA's mission, but with the emerging 
operational status of the space shuttle, the focus of low- 
gravity research is expanding into many fundamental areas 
of science and engineering. This research promises to 
make significant contributions to our knowledge base. 

In support of low-gravity research, NASA has deve¬ 
loped a very extensive array of experimental facilities for 
both ground-based and space-based research. These faci¬ 
lities are now available for researchers in academia, 
industry, and national laboratories for experimentation in 
areas that promise significant scientific or engineering 
contributions. In addition, a major program of research 
funding, including the proposal review process, has been 
established within NASA, and funding for low-gravity 
research may be obtained from other sources, such as NSF, 
and coordinated with NASA for use of NASA facilities. 

Researchers desiring to perform low-gravity research 
should, however, be aware that space-based facilities 
represent a limited resource that needs to be used effi¬ 
ciently and effectively. This almost demands that proposed 
research proceed through a logical progression from the 
development of theoretical models of phenomena to be 
researched, to ground-based research aimed at advancing 
the state of knowledge as far as possible before space- 
based research is initiated, to space-based research 
designed to extend the frontier of knowledge beyond that 
reasonably possible on Earth. 
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Chapter 2A 


Very High Resolution Phase Transition Experiments 
at Low Temperatures in Low Gravity 

John A. Lipa* 

Stanford University, Stanford, California 


Introduction 

A second-order, or cooperative, phase transition often 
occurs when a system attains a new form of long-range 
order under selected external conditions. For example, if 
the density of a fluid is set to a particular value, called 
the critical density, and its initially high temperature is 
slowly reduced, it will pass through a critical point where 
it splits into two phases. Unlike a first-order phase tran¬ 
sition, such as the melting of ice, this phenomenon is 
accompanied by highly anomalous fluid properties. The 
initially clear fluid becomes temporarily turbid, almost 
completely blocking light transmission; the thermal conduc¬ 
tivity and viscosity approach very high values; and the 
velocity of sound tends toward zero. All of this activity 
occurs over a small temperature range, at most a few 
degrees wide. 

Although widely studied for many years, cooperative 
transitions were poorly understood theoretically until 
recently. In the early 1970s, a new theoretical model of 
these transitions was developed, based on the application 
of the renormalization group (RG) technique by Kenneth 
Wilson A This approach has led to specific, although 
approximate, predictions, 2a for many experimentally deter¬ 
mined parameters, most notably the critical exponents that 
characterize the asymptotic divergence >of the thermody¬ 
namic variables in the limit as the temperature increment 
from the transition approaches zero. More recent 
models^A based on the same techniques have permitted 
more sophisticated predictions, and it may soon be possible 
to characterize the complete singularity with a single func¬ 
tion having few disposable parameters. To guide efforts in 
this direction and to test the correctness of the basic 
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assumptions of the theory, it is essential to accumulate 
experimental data that probes both the most firmly 
established predictions and the latest tentative proposals. 

Almost all the experimental tests of theoretical predic¬ 
tions for cooperative phenomena to date have encountered 
severe difficulties. Apart from the problems of measure¬ 
ment, very close to the transition, the singular behavior of 
thermodynamic parameters becomes distorted due to various 
defects in the sample itself. For example, in solid systems 
small variations of composition in different parts of a 
sample lead to different local transition temperatures. This 
leads to a smearing of the ideal transition over a finite 
temperature range, limiting the resolution of the test. Low- 
resolution tests suffer from other difficulties due to the 
asymptotic nature of the theory and the need to carry 
higher order terms far from the transition. At low tem¬ 
peratures, liquid helium (He) undergoes a unique second- 
order phase transition to the superfluid state, known as 
the lambda transition. Here the problems described above 
are minimized, making this transition the primary testing 
ground for the RG theory. Unfortunately, as discussed in 
the next section, the results of high-resolution experiments 
show small but significant discrepancies with theory. 
Because the experiments on the lambda transition repre¬ 
sent the most severe tests of the theory conceived to date, 
it is important to develop them as fully as possible. Doing 
so promises to significantly extend our insight into the 
remarkable properties of cooperative transitions. 

To obtain significantly better tests of the RG theory, 
it is not enough simply to increase the accuracy of the 
measurements. The existence of the nonasymptotic correc¬ 
tions makes this approach alone unattractive. Rather, it is 
also necessary to somehow break through the rounding 
barrier described above and obtain improved data that 
extends much more deeply into the asymptotic region near 
the transition. In the case of solid systems, sample 
defects are the main source of rounding, and improved 
materials processing is needed to allow progress. However, 
it appears very unlikely that the resolution achievable by 
this route would ever compete with that already available 
with fluid systems. For these systems, hydrostatic com¬ 
pression is the main source of rounding, and this effect 
can be reduced dramatically by performing experiments in 
space. For reasons described below, the lambda transition 
again provides the maximum potential resolution in this 
environment. 

This paper briefly outlines the present status of 
testing the theory of second-order transitions and de¬ 
scribes the potential value of additional experiments per- 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



ft, WxU'i form laiimpom Winfy Purchased from American Institute of Aeronautics and Astronautics 


HIGH-RESOLUTION PHASE TRANSITION EXPERIMENTS 39 

formed in space. The theoretical background for 
experiments on cooperative transitions is discussed, and 
some proposed experiments for space are described, with 
an emphasis on the currently developing lambda-point 
heat-capacity experiment. Some of the technology ad¬ 
vances associated with this program also are described. 

Background 

Near a cooperative phase transition, many properties 
of a system exhibit singular behavior. In the limit, as the 
transition is approached, this behavior can be represented 
by simple mathematical forms. For example, in the case of 
a ferromagnet, the magnetization, M, below the transition 
can be written as 

M « tG (1) 

where t = |T/T C -1| (T c is the transition temperature) and 
3 is a constant. The heat capacity, C, can be written as 

C « t"« (2) 

where the exponent a is another constant. The primary 
task of cooperative transition theory has been to obtain 
values for the exponents (i.e., a, 3) that can be compared 
with experimental results. 

The RG theory has successfully explained the anoma¬ 
lies observed in systems over a wide range of states near 
their transition points and generally is credited with giv¬ 
ing correct predictions, at least for the exponents. Why, 
then, does this theory need to be tested further? The 
answer is twofold. First, the vast majority of tests to date 
are weak at best. Second, it now is possible to enter a 
region never before studied, deep in the asymptotic region, 
where the theory makes relatively simple, clear-cut predic¬ 
tions. Amplifying the first point, the area in which many 
prior tests can be considered weak is that of data analy¬ 
sis. Wegner^ has shown that in addition to the leading 
singular term there exist higher order singularities in the 
representation of thermodynamic parameters near coopera¬ 
tive phase transitions. The extended representation of a 
variable X(t) can be written as 

X(t) = A x t A *(l + a x t S * + ...)+... (3) 

where the exponents A x and 6 X characterize the leading 
singularity and the confluent, or nonasymptotic, term, 
respectively. Typically a set of data obtained over two or 
three decades of the dimensionless parameter t is fitted to 
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a theoretical expression of the type in Eq. (3) with four 
or five disposable parameters. Because the full expression 
may have more than eight such unknowns, allowing for 
different values on each side of the transition, a compro¬ 
mise must be reached. Usually the less important param¬ 
eters are set to zero or constrained with theoretical 
guidance. This hybridized model is then fitted to the 
data. At the extremes of the fitting region where depar¬ 
tures are seen, data are rejected on the grounds that the 
model is not adequate there. The resulting good fit with 
four or so free parameters is then taken as support for 
the theory! With so many free parameters and wide discre¬ 
tion in the rejection of data, it is hardly surprising that 
seemingly reasonable model fits can be obtained. This 
lamentable situation has been noted by others, as illus¬ 
trated by the following quotation from a paper by H. 
Guttinger and D. Cannell®: 

The experience we have had in "forcing" data to 
fit the current theoretical framework involving 
correction terms has made it clear to us that 
almost any reasonable data set can be brought 
into very good agreement with theory, primarily 
because of the tremendous flexibility afforded by 
the correction terms. When one couples this 
flexibility with the additional flexibility and 
complexity generated by revisions to scaling, it 
is clear that theory is in an almost unassailable 
position. Consequently, any theoretical progress 
which would reduce the number of effectively 
free parameters would be extremely valuable. 

In general, the RG predictions are more easily estab¬ 
lished for the static, or equilibrium, properties than for 
the dynamic, or transport, properties. The present status 
of the comparison between theory and experiment in these 
two areas is sketched in the next sections. 

Static RG Predictions 


Recent estimates for the exponents associated with a 
number of thermodynamic parameters are given in Table 1. 
The amplitudes, A x and a x , which are system-dependent, 
are far more difficult to estimate, although certain univer¬ 
sal ratios have been predicted. Very recently, Bagnuls 
and Bervillier^ and Dohm^ have presented more sophisti¬ 
cated tests, which go beyond the ideas incorporated into 
Eq. (3). These tests aim to reduce the number of free 
parameters by making maximum use of the universal 
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features of the RG Hamiltonian, which leads to additional 
calculable constraints. To date, this approach has not 
yielded any significant new results, but it has the poten¬ 
tial of leading to a very unambiguous test of the theory. 

The most advanced tests of the RG predictions for 
cooperative phase transitions are derived from experiments 
performed near the lambda transition of He. As is well- 
known, this transition has several experimental advantages 
not found in other systems. For example, because the 
system is superfluid below the transition, thermal relaxa¬ 
tion times are short, and even above the transition tem¬ 
perature, the thermal conductivity diverges. Also, because 
it is a fluid system, the problems with strains and crystal 
defects encountered with solids are avoided. However, 
probably the most important reason is that, in contrast to 
the behavior of a fluid near its critical point, the diver¬ 
gence of the compressibility is very weak, thus minimizing 
gravity rounding from this effect. 

At the lambda point, tests of the static theory center 
on the determination of two exponents, a and £, which 
characterize the leading singularities of the heat capacity 
and the superfluid density, respectively 

C p = At-“(1 + Dt x + ...)+ B (4) 

and 

P S /P = A p t?(l + D p t X P + . . . ) (5) 


where p and p s are the total and superfluid densities, 
respectively. In addition, information is obtained on the 
leading coefficients and other parameters in these expres¬ 
sions. 


Table 1 Theoretical estimates of critical exponents based 
on RG calculations 



II 

o 

n=l 

n=2 

n-3 

r 

1.1615+0.0020 

1.241+0.0020 

1.316+0.0025 

1.386+0.0040 

U 

0.588+0.0015 

0.630+0.0015 

0.669+0.0020 

0.705+0.0030 

n 

0.027+0.004 

0.031+0.004 

0.033+0.004 

0.033+0.004 

3 

0.302+0.0015 

0.325+0.0015 

0.3455+0.0020 

0.3645+0.0025 

n<2) 

-0.2745+0.0035 

-0.3825+0.0030 

-0.474+0.0025 

-0.549+0.0035 

a 

0.236+0.0045 

0.110+0.0045 

-0.007+0.006 

-0.115+0.009 

A,ur> 

0.470+0.025 

0.498+0.020 

0.522+0.018 

0.550+0.016 


a n is the number of degrees of freedom of the order parameter. 
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When applied to the lambda point, the RG model gives 
predictions^ for the exponents oc, a', £, x, and x p , the 
coefficient ratios A/A , D/D', and D'/D p , and the difference 
B - B , where the primed quantities refer to Eq. (4) below 
the transition. Also, the universality hypothesis^ predicts 
that the above quantities will be independent of "irrele¬ 
vant" variables, in this case the pressure and ®He con¬ 
centration, and scaling® predicts that a = a'. Table 2 lists 
the theoretical predictions for the above quantities, along 
with the experimental results. The detailed comparison of 
theory and experiment is described elsewhere.® Very 
briefly, it was found that 1) the apparent agreement for ? 
in Table 2 may be fortuitous, because previous experimen¬ 
tal analyses did not allow fully for the nonlogarithmic 
divergence of the heat capacity, which is used to derive 
the superfluid density data from other measurements; and 
2) significant discrepancies still exist in the various deter¬ 
minations of a. The most precise measurements of this 
exponent are summarized in Table 3. 

It is unfortunate that even the best high-resolution 
tests of the RG theory show small but persistent depar¬ 
tures from the predictions. It would appear to be of very 
high priority to attempt a resolution of these discrepan¬ 
cies. Clearly, only the lambda transition has significant 
potential for improving the experimental results, because of 
the unique properties of this system. By performing new 
measurements at higher resolution, perhaps approaching 
t k 10 - 12 on the space station, the dynamic range of the 
measurements can be extended significantly. Improved 


Table 2 Comparison of observed and predicted values of 
parameters in Eqs. (4) and (5) for the lambda transition 


Parameter 

*(=<*') 

A/A' 

X 

D/D' 

B-B' 

c 

D'/D p 

RG predic¬ 
tions 

-.008 

+.003 

1.03 

0.521 

+.006 

1.17 

0 

.669 

+.002 

.15 

+.18 

p s data 

- 

- 

.5 + .1 

- 

- 

.6749 ’ 
+.0007 

1 -.17 

Isobaric 

expansion 

data 

-.026 

+.004 

1.112 

+.022 

(=5)“ 

1.29 

+.25 

(=0) 

- 

1 +.04 

3 He- 4 He 

mixtures 

-.022 

1.088 

(=5) 

- 

(=0) 

- ■ 

- 


“Quantities in parentheses represent constraints. 
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thermometry also will allow more accurate measurements 
over the whole range, further increasing our knowledge of 
the asymptotic form of the singularity. 

Dynamic RG Predictions 


Although in principle the representation of transport 
properties is similar to that given in Eq. (3) for equilib¬ 
rium properties, convergence of the series is commonly 
much slower. In cases of importance (e.g., the thermal 
conductivity of He near the lambda point), more complex 
numerical models are used that involve nonlinear RG 
schemes. Testing of the models involves the evaluation of 
more parameters, because there are less known constraints; 
thus, this area is not so well developed. As in the case of 
static properties, the lambda point is at the forefront of 
the confrontation between experiment and theory. Of pri¬ 
mary importance is the behavior of the thermal conduc¬ 
tivity above the transition temperature. In this case, the 
value of 6 X in Eq. (3) appears to be .05 or less, causing 
significant difficulty in determining A x . Theory testing is 
therefore based on model fitting at rather large values of 
t, not in the true asymptotic region. The results of this 
approach are still less than satisfactory. 


Table 3 Summary of experimental determinations of the 
heat-capacity exponent at the lambda transition (n=2) 


Group 

Ref. 

Parameter 

a 

Range of t 

Ahlers 

14 

c Sat 

0.000 < a < 0.025 

10" 6 -> 3 x 10" 3 

Ahlers 

15 

^Sat 

-.0163 + .0017 

10" 6 -► 3 x 10* 3 

MAP 

15 

Expansion 

Coefficient 

-0.026 + .004 

3 x 10 -5 ^ 3 x 10"3 

G & M 

16 

c Sat 

-.0198 + .0037 

10~ 6 ■+ 3 x 10-3 

G & M 

16 

Mixtures 

-.025 

3 x 10-6 3 x io-3 

T & W 

17 . 

^Sat 

-.017 

10" 5 -► 2 x 10"3 

T & W 

17 

Mixtures 

-.024 

10' 5 ■+ 3 x 10-3 

L & C 

18 

c Sat 

-.013 + .002 

10 -8 ->• IQ' 3 
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Fig. 1 Comparison of the factors limiting the ultimate resolution 
of the lambda transition in space. 


Low-Gravity Experiments Near the Lambda Point 
Transition Broadening in Space 

In a spacecraft environment, which has no external 
forces and is far from all sources of gravitational fields, 
the lambda transition would be broadened by at least three 
effects. First, the divergence at the transition temper¬ 
ature of the length, r c , over which density fluctuations are 
correlated, leads to finite-size rounding. This effect is 
minimized by the use of large samples with high volume-to- 
surface area ratios. It is easy to show that for a spheri¬ 
cal sample, a nominal 1% correction to a bulk property of 
the fluid occurs when 

t = 4.6 x 10“10 r s ~3/2 (6) 

where r s is the radius of the sample in centimeters. The 
transition will be completely smeared out when r s ~ r c , 
giving a second relation 

t = 2.8 x 10" 12 r s " 3 / 2 (7) 

Second, Goldstein^® has noted that temperature fluctuations 
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ultimately will wash out the transition. This effect occurs 
at 

t = 8.7 x 10-1 3 r s -3 / 2 (8) 

which is somewhat less than the previous limits. The third 
effect is due to the self-gravitation of the He, generally an 
exceedingly small effect, which nevertheless sets an ulti¬ 
mate limit on the sharpness of the transition. For a self- 
gravitating sphere of He in hydrostatic equilibrium, it is 
easy to show that the pressure difference, AP, between the 
surface and the center is given by 

AP = 2tt/ 3 p 2 Gr s 2 ( 9 ) 

where G is the gravitational constant. Since the transition 
broadening is just 

-1 

At = AP/T x (dP/dT) x (10) 


where (dP/dT) \ is the slope of the lambda line, the 
following result is obtained 

At = 2.6 x 10 _16 r s 2 (11) 


The above expressions are plotted in Fig. 1, which 
shows that the maximum possible resolution is t s 10" ' 2 , 
with the application of minor corrections to the data and 
t ~ 10 - 13, if extensive correction terms are used. These 
levels represent the best that can be achieved in any 
presently envisaged system and extend four to five orders 


of magnitude beyond that which can be achieved on Earth. 

In more practical situations, effects other than self¬ 
gravitation usually set the upper limit on the sample size. 


For example, for a free-flying spacecraft in low Earth orbit 
that is maintained drag-free to a level of 10 -3 g or better. 


one also must consider tidal forces due to the Earth's field 


and gravitational fields due to the mass distribution of the 
vehicle. On board the space shuttle, residual acceleration 
in the range 10 -3 g to 10 - ^ g competes with the finite-size 
effect to limit the resolution. Optimization of the sample 
size to minimize the total distortion can be performed by 


combining Eqs. (6) and (10) and replacing AP with 2par s , 
where a is the acceleration. This procedure leads to a 


sample size that minimizes the combined distortion and 
maximizes the attainable resolution. The results of the 


optimization calculations are summarized as a function of g 
in Table 4. In a shuttle environment of 10"4 g ) a resolution 
of 2 x 10 - * 3 could be obtained, which is about two orders 
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Table 4 Optimum sample size, r s , and corresponding temperature 
resolution, At, as a function of residual acceleration, a 


a(g) 


At 

r s (cm) 

1 

5.0 

X 

10~ 8 

0.088 

ict 1 

1.3 

X 

10 -8 

0.22 

10 -2 

3.2 

X 

10 -9 

0.56 

10 -3 

7.9 

X 

10-10 

1.40 

10 -4 

2.0 

X 

10-1° 

3.5 

10 -5 

5.0 

X 

10 -11 

8.8 

10" 6 

1.3 

X 

10 -11 

22.2 

10- 9 

2.0 

X 

10' 13 

351.0 


of magnitude higher than is possible on Earth. For com¬ 
parison, at the critical point of a typical fluid, the maxi¬ 
mum resolution on the shuttle is expected to be^l of the 
order 10~®, which is similar to the lambda-point resolution 
on the ground. 

Testing the RG Theory 

In the previous section, the potential resolution 
available at the lambda point in various low-gravity exper¬ 
iments was estimated. On the shuttle, a resolution in the 
10~10 range can be achieved, depending on the level of 
acceleration noise. At this resolution a major advance can 
be made in the study of both static and dynamic critical 
phenomena. Figure 2 shows the historical development of 
the resolution of cooperative transitions. The data are not 
intended to be inclusive but are representative of the 
progress in a given era. The points connected by the 
solid line represent the resolution at which data were 
available to allow some type of theoretical test; the stars 
represent in a loose sense the "ultimate" resolution quoted. 
Clearly, there is a large unexplored region, at least on a 
logarithmic scale, beyond the gravity cutoff on Earth, 
where experiments could add substantially to our know¬ 
ledge of cooperative transitions. 

It is easy to imagine many experiments that could be 
performed in this region, extending the range of the 
ground-based measurements. An example of such an 
experiment is the lambda-point heat-capacity project being 
readied for shuttle flight in 1988. The instrument being 
developed to perform the experiment is shown in Fig. 3. 
Figure 4 shows a schematic view of the overall system. 

The heat-capacity apparatus will be housed in a flight- 
qualified He Dewar, such as the Jet Propulsion Laboratory 
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YEAR 

Fig. 2 Historical development of resolution of cooperative tran¬ 
sitions. 


superfluid He facility. A Dewar control system manages 
the He venting and Dewar temperature and records the 
information from a local three-axis accelerometer. The 
experiment is controlled by two systems: a thermal control 
system, which takes care of the thermal-isolation-system 
set points as a function of experiment mode; and a main 
experiment control system, which sets the mode, logs the 
data, and communicates with the shuttle's aft flight deck. 
Once in operation, the project would comprise three pri¬ 
mary modes. The first mode involves coarse setup of the 
thermal control system and calibration. Next, there will be 
a wide-range heat-capacity data-collection mode used to 
bridge the gap between ground-based data and the highest 
resolution measurements. The third mode will be used for 
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high-resolution measurements, to be activated during 
periods of low acceleration. 

In addition to measuring heat capacity, other experi¬ 
ments clearly are possible near the lambda point, some of 
which are listed in Table 5. Also listed are a number of 
other experiments on He that can exploit the technology 
advances needed for the lambda-point work. In the He 
system, there are two pure-fluid critical points—two 
lambda lines as a function of pressure and ^He concentra¬ 
tion and a tricritical point in ^He-^He mixtures. All these 
systems will have somewhat different exponent values and 
can benefit from being studied in space. Both static and 
dynamic properties can be studied by using different 
experiment modules, allowing a wide range of potential 
tests for the RG theory. 



Fig. 3 Thermal control 
system for flight 
experiment. 


SCALE (INCHES) 
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Fig. 4 Schematic view of main components of lambda-point flight 
experiment. 


Table 5 Possible cryogenic experiments in the area of cooperative 
phenomena that could be improved in low-gravity conditions 


Static scaling at the lambda point 

o Measurement of the superfluid density 
o Heat capacity of 3 He-^He mixtures 
o Heat capacity as a function of pressure 

Dynamic scaling at the lambda point 

o Thermal conductivity of ^He above transition 
o Thermal conductivity of 3 He-^He mixtures 
o Second sound damping coefficient below transition 

Observation of new phenomena at the lambda point 

o Crossover to 2-dimensional behavior 
o Finite size effects in controlled geometries 
o Proximity effect near the He-I/He-II interface 
o Josephson effects in He 

Critical point measurements 

o Heat capacity of 3 He and ^He 

o Thermal conductivity and viscosity of 3 He and ^He above T c 
o Order parameter measurements below T c 

Tricritical point measurements 

o Heat capacity singularity 
o Concentration susceptibility 
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Technology Developments 

The experiments described require several technology 
developments that are significantly more complex than 
those usually encountered in the laboratory. To exploit 
the potential resolution available in space at the lambda 
point requires significant advances in thermometry and 
thermal control. A low-gravity superfluid He facility also 
is needed, and the experiment design must be adapted for 
space. This section describes some of the development 
work performed for the lambda-point program. 


Thermometer Development 

At the start of the program, the highest resolution 
thermometers suitable for studying the lambda transition 
were carbon and germanium resistors. With these devices, 
it is possible to resolve to t ~ 10~^ at the lambda point 
when the measuring power is about 10“® W. Higher reso¬ 
lution can be obtained with increased dissipation, but with 
present readout technology, a power level of about 10 -2 W 
would be needed to resolve down to t ~ 10 - 10. Clearly, this 
is a high level for any low-temperature experiment, but 
especially for heat-capacity measurements in which one 
must measure power levels of the order of 10 - 10 y This 
simple estimate underlines the importance of developing a 
completely different concept in high-re solution thermometry 
to study the lambda transition with subnanokelvin resolu¬ 
tion. 

A new thermometer was developed using a supercon¬ 
ducting readout system and a paramagnetic salt as the 
sensitive element. This device has an exceptionally low 
intrinsic dissipation level (<10~-^ W) and a very high sen¬ 
sitivity because of the use of a Superconducting Quantum 
Interference Device (SQUID) magnetometer as a detector. 
Similar devices have been builtl 2 for use below 1 K, but 
their noise characteristics were not reported. A thermo¬ 
meter was constructed that was optimized for use near the 
lambda point of He and equipped with considerably 
improved shielding to minimize the effect of external mag¬ 
netic fields. The construction of this device is described 
in Ref. 13. A schematic view of the thermometer is shown 
in Fig. 5. A fundamental limit on the resolution of this 
device is set by thermal fluctuations. Mean squared noise 
due to thermal fluctuations in the system is given by 


<AT 2 > = 2kT 2 /c e t t q 


(12) 
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Fig. 6 Multistage thermal control system developed for laboratory use. 
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where k is Boltzmann's constant, c e is the heat capacity of 
the sensing element, x is the integration time, and x Q is 
the thermometer relaxation time for heat transfer to the He 
sample. At the lambda point, we obtain 

6t rms = <AT 2 > 1 /2 /T x « 4 x 1(T 10 (13) 

which is in reasonable agreement with the observed noise. 
The thermometer output signal has been integrated down 
to a 0.01 Hz bandwidth, providing a significant improve¬ 
ment in sensitivity beyond the level in Eq. (13). However, 
the thermal control system then in use did not provide the 
stability required for accurate measurements. Neverthe¬ 
less, it appears to be relatively straightforward to obtain 
sensitivities in the 10~H range under narrow-bandwidth 
conditions. Eq. (12) illustrates that thermal-fluctuation 
noise also can be reduced by minimizing the ratio x Q /c e , 
which contains the only physical design variables. It 
would appear possible to obtain a further reduction of an 
order of magnitude in this quantity before construction of 
the device becomes prohibitively difficult, which would 
reduce 6t rms by a factor of about three. 

Thermal Control System 

A second factor limiting the accuracy of high- 
resolution heat-capacity measurements is stray-heat leak 
control. An advanced thermal control system designed to 
minimize this problem is shown in Fig. 6. It contains four 
stages of thermal isolation and includes a thermal shield 
completely surrounding the calorimeter, which can be 
temperature-controlled to within a few nanodegrees kelvin 
as measured by a paramagnetic salt thermometer. This 
shield isolates the calorimeter from ambient and stray room- 
temperature radiation, and from gas-transfer effects asso¬ 
ciated with temperature changes elsewhere in the system. 
The outer stages of isolation are thermally controlled with 
conventional resistance thermometry. This system has 
been in operation in the laboratory for a number of years 
and has been shown to provide adequate control for an 
experiment on the shuttle. The flight version of this 
system is shown in Fig. 3. 

Helium Facility 


To reduce the cost and effort of cryogenic experi¬ 
ments in space, the Jet Propulsion Laboratory has con¬ 
structed a reusable, flight-qualified superfluid He Dewar. 
This facility carried a first set of experiments on the 
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Fig. 7 Schematic view of Jet Propulsion Laboratory superfluid 
helium facility. 


shuttle in 1985 as part of the Spacelab-2 program. In the 
first flight, the cryostat was located on a pallet in the 
shuttle cargo bay and had all the electronic interfaces 
necessary to control experiment parameters from the 
shuttle cabin and from the ground. A schematic view of 
the system is shown in Fig. 7. Experiments can be 
mounted on a cover plate that seals the He tank, and they 
can interface with external electronics via an evacuated 
feedthrough area. The Dewar is filled with liquid He 
several days before launch and maintained in the super¬ 
fluid state with a small vacuum pump. Once on orbit, the 
system is vented to space through a set of orifices 
selected to maintain the desired operating temperature in 
the range from 1.5 to 2.2 K. After equilibrium is estab¬ 
lished, the Dewar temperature is stable to within a few 
millidegrees kelvin throughout the remainder of the flight. 


Summary 

This paper has discussed the motivation and potential 
for performing advanced, very high resolution tests of the 
theory of cooperative phase transitions in low-gravity con¬ 
ditions. Clearly, tests extending deep into the asymptotic 
region near the transition can be performed; it is in this 
region that the theoretical predictions assume their 
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simplest form. This advantageous situation should lead to 
a major improvement in our understanding of the range of 
applicability of current theoretical ideas in this field. Of 
the various phase transitions, research on the lambda 
transition holds the greatest potential for advancing 
science. With the application of advanced cryogenic tech¬ 
niques, the potential of this system should be realized. 

The technology for the initial experiments already is well- 
developed, and the first results are expected in late 1988. 
Follow-on experiments of increasing sophistication no doubt 
will occur, and ultimately experiments may be conducted on 
a space station. The advantages of that environment 
would be extended observation time and the possibility of 
submicrogravity conditions. It is hoped that the possibil¬ 
ities described here also will stimulate additional theoretical 
effort in this exciting area of physics. 
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Chapter 2B 


Low-Gravity Experiments In Critical Phenomena 

Michael R. Moldover* 

National Bureau of Standards, Gaithersburg, Maryland 


Scope of Review 

The research area denoted by "critical phenomena" 
roughly concerns those properties of a many-body system 
that depend on the system being sufficiently close to a 
critical point that the correlation length characterizing the 
size of fluctuations in the system greatly exceeds the 
range of the interparticle interactions that initially caused 
the appearance of the critical point. In this regime, the 
anomalous thermodynamic, transport, and structural proper¬ 
ties of interest are independent of many of the details of 
the underlying interactions. Thus, the same anomalies 
occur in diverse physical systems. This is a universality 
that has excited research in many disciplines in the last 20 
years. Kenneth Wilson's Nobel Prize in Physics was 
awarded (1982) largely for developing the theoretical 
framework used to explain and compute these universal 
anomalies. 

This review begins with the definition of a few terms 
that are widely used in this research area. A very gen¬ 
eral description of the nature of current theoretical pre¬ 
dictions concerning critical phenomena foUows. These 
predictions are concerned with asymptotic properties near 
critical points. Thus, experimental tests are necessarily 
sophisticated. It is argued that fluid systems are attrac¬ 
tive experimental systems for such tests because they (in 
contrast to most solids) can be brought into thermodynamic 
equilibrium on laboratory time scales. A discussion of the 
ways in which gravity affects experiments with fluid 
systems follows. The art of measuring many thermodynam¬ 
ic properties and certain transport properties near critical 
points in fluid systems has advanced to the point that the 
ability to test theory on Earth is limited by the density 
stratification produced by Earth's gravitational field. 

Thus, serious efforts now are being made to extend mea- 
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surements by exploiting the low-gravity environments that 
have become available with the space shuttle. Finally, 
several experiments planned for a low-gravity environment 
are described. 

Liquid-vapor systems are emphasized and are 
contrasted with liquid mixtures. Liquid mixtures offer the 
possibility of reducing certain gravitational effects at the 
price of increasing the difficulty of attaining thermodynam¬ 
ic equilibrium and of describing the thermodynamic surface 
(because of the introduction of at least one additional 
degree of freedom). 

Nomenclature for Critical Points 

At the outset, it is convenient to distinguish between 
thermodynamic "field" variables and thermodynamic 
"density" variables.^ Field variables are those variables 
that are identical in coexisting phases when such phases 
are in thermal equilibrium. The field variables that are 
used to define the state of a liquid-vapor system are any 
two of the triad: temperature (T), pressure (P), and 
chemical potential per unit mass (p). Thermodynamic den¬ 
sity variables are those variables that are different in 
coexisting phases at equilibrium. Examples of density 
variables that can be used to distinguish between the 
coexisting phases of a liquid-vapor system are the number 
of particles per unit volume (p) and the entropy density. 

Because anomalies near critical points are of concern 
here and because the universal aspects of these anomalies 
are to be emphasized, dimensionless field variables are 
introduced that are used to measure the "distance" from a 
critical point. For liquid-vapor systems, appropriate 
variables are 2"4 

t = t + e • [p - po(T)] • p c /P c (1) 

and 

h = [p - p 0 (T)] • Pc /P c (2) 

The subscript c attached to a quantity denotes the system- 
dependent value of that quantity at the critical point; 
t = (T-T c )/T c is the reduced temperature measured from 
the critical temperature; pq(T) denotes the value of the 
chemical potential along the vapor-pressure curve below 
T c and its smooth extension above T c ; and e is a system- 
dependent constant. 

Critical points occur in a very wide variety of physi¬ 
cal systems exhibiting phase transitions. Examples of 
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critical points include the Curie point of a ferromagnetic 
or a ferroelectric solid, the Neel point of an antiferromag- 
net, the order-disorder transition of certain alloys (e.g., 
0-brass), the consolute point of binary liquid mixtures 
(i.e., the point at which partially miscible liquids become 
completely soluble), and the lambda transition of liquid ^He 
(i.e., onset of superfluidity). In each of these systems, 
there is a density variable that is called the "order 
parameter," which is chosen to measure the difference be¬ 
tween the two coexisting phases. For a liquid-vapor 
system, the order parameter is the scalar quantity 

Ap - (Pliquid - Pvapor)/(2Pc) (3) 

For an isotropic ferromagnet, a suitable order para¬ 
meter is the vector in/mo. (n? is the magnetization, and 
mo is its magnitude at zero temperature). As a critical 
point is approached along the path of two-phase coexis¬ 
tence, the order parameter continuously goes to zero. It 
is the gradual disappearance of the order parameter that 
most dramatically distinguishes critical points from other 
kinds of phase transitions such as melting, sublimation, 
and crystallographic phase changes. 

Predictions for Thermodynamic Properties of Bulk Systems 

To date, the renormalization group (RG) approach to 
critical phenomena has led to many predictions, which have 
been tested. These predictions include the division of 
experimental systems into "universality classes," the phe¬ 
nomenon of "scaling" of thermodynamic functions asympto¬ 
tically close to critical points, specific numerical 
predictions for the critical exponents and the scaling func¬ 
tions associated with each universality class, and specific 
numerical predictions for the exponents and scaling func¬ 
tions associated with corrections to asymptotic scaling. 

The terms "universality classes," "scaling," and "critical 
exponents" are now discussed in the context of experimen¬ 
tal tests involving fluids. 

The universality classes for thermodynamic properties 
and static correlation functions are defined by the dimen¬ 
sionality (d) of the space the system is in, by the 
dimensionality (n) of the order parameter (e.g., n = 1 for 
a scalar, n - 3 for a vector in three dimensions) and by 
whether the interactions in the system are long-ranged. 

(In three dimensions, forces between static dipoles such as 
those in a ferroelectric are long-ranged. If the dipoles 
are mobile as in a polar fluid, the averaged force is short- 
ranged in this context.) 
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Pure fluids near liquid-vapor critical points are 
three-dimensional systems with a scalar order parameter 
and short-ranged interactions (d = 3 and n = 1). Other 
systems in this universality class include three-dimensional 
Ising models; binary alloys (such as 6-brass), which under¬ 
go order-disorder phase transitions; uniaxial ferromagnets; 
and binary liquid mixtures near consolute points. Theory 
predicts and experiments confirm that sufficiently close to 
these critical points each of these systems has identical 
thermodynamic anomalies in the sense defined below. 
Members of other universality classes have different ther¬ 
modynamic anomalies. One system of interest is ^He near 
its superfluid transition. This fluid system belongs to the 
class with d = 3 and n = 2 because its order parameter is 
a complex quantity. Tricritical points, where three phases 
become identical by the simultaneous vanishing of two 
independent order parameters, do occur in three-component 
liquid mixtures. They comprise yet another universality 
class (for each value of d and n). 

The predictions concerning scaling can be summarized 
in variables appropriate for a liquid-vapor system by 
stating that sufficiently close to the critical point the 
thermodynamic potential can be written in the form4"5a 

P(T,v)/P 0 = P 0 (x,h) * |t|W + 1) • g 0 (z) 

(4) 

+ cj • |t|&( 6 + 1 ) +A • g x (z) + . . . 

where z = h/1 x | Here, gg and gj are universal analytic 
functions of their arguments, and 6, 6, and A are universal 
critical exponents. Pq is an analytic system-dependent 
function, and cj is a system-dependent constant. The 
terms in Eq. (4) that have noninteger exponents are uni¬ 
versal, and they are responsible for all the thermodynamic 
anomalies. The "scaling” property is that these terms, 
which might have been functions of the two variables h 
and i, are, in fact, functions of a single variable z, which 
is a combination of these two. In principle, measurements 
of the pressure as a function of y and T can be scaled by 
the factor + L and replotted as a function of z 

(after subtraction of Pq). Close enough to T c the data 
would collapse onto a single curve. In practice such data 
collapsing has been demonstrated with equation-of-state 
data^ and specific-heat data® by using functions obtained 
by differentiation of Eq. (4). One of the strongest tests 
of Eq. (4) near a critical point has been made using an 
optical interferometer to study the density-versus-height 
profile of three fluids stratified under their own weight in 
Earth's gravitational field.^ A successful demonstration of 
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Table 1 Some accurate measurements of power laws for 
liquid-vapor systems 


Property 

Path 

Power Law 

Reference 

Heat capacity pC v 

P=Pc. t<0 

A-(-t)-“ 

8,9 

Heat capacity pC v 

P=P c> t>0 

A + (t)'« 

8,9 

(Pliquid - Pvapor)/(^Pc) 

h=0, t<0 

B 0 (-t) 6 

10,11 

Symmetrized 

P=Pc, t>0 

r + (t) _y 

11,12 

compressibility (3p/3y)'p 
Correlation length £ 

P=Pc< t>0 


13 


the scaling property requires determination of the expo¬ 
nents ft and 6, the scaling function go, the critical parame¬ 
ters that appear in definitions of the variables t and h, 
and often additional functions such as Pq. It is obvious 
that this requires a vast amount of data. 

Once the functions (e.g., g„, g^) are known, Eq. (4) 
summarizes an infinite number or "power laws," all of 
which are related to the two noninteger exponents ft and 6. 
For example, the density may be obtained from Eq. (4) 
through the relation p = (3P/av)'j i * One then can consider, 
for example, the behavior of p as the critical point is 
approached on special curves such as the coexistence 
curve, h = 0 (where p ~ |tp); the critical isotherm, t = 0 
(where p - |h|&); and the curve (t = 0). With few excep¬ 
tions, the most exacting tests of the theory have been the 
measurements of a few properties on special curves. Some 
examples are listed in Table 1. 

Except for v, the exponents in these power laws are 
related to one another because they all result from differ¬ 
entiating the universal function gg (in Eq. [4]) with re¬ 
spect to x and/or h and then evaluating the results at 
particular values of z. Typical relations among the expo¬ 
nents are a = 2 - ft(6+l) ~ 0.11 and 1 - ft(.6-l) ~ 1.24, 
where the numbers quoted are appropriate for the d = 3, 
n = 1 class. In contrast to tests of scaling, the experimen¬ 
tal study of power laws requires data along a single path 
through the critical point; thus, the measurement of critical 
exponents has received much more attention than tests of 
scaling. 

With the exception of > the coefficients of the 
tabulated power laws (i.e., the amplitudes) are related to 
one another because they also result from differentiating 
the universal function gg (in Eq. [4]) with respect to t 
and/or h and then evaluating the results at particular 
values of z. A typical relation among the amplitudes 14,15 
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is (A + r + /B 0 ) ~ 0.0599, where the number quoted is appro¬ 
priate for the d = 3, n = 1 class. The measurement of an 
amplitude ratio involves several power laws and provides 
information about the scaling function gg. 

The hypothesis that the singular terms in the thermo¬ 
dynamic potential ultimately arise from the divergence of 
the correlation length leads to the additional assertion^® 
that the singular contribution to the free energy in a 
volume is a finite universal quantity. This assertion 
has been called the hypothesis of "two-scale-factor univer¬ 
sality." Two corollaries of two-scale-factor universality 
are the hyperscaling relation between exponents (dv = 2 - 
a) and a group of amplitude relations between £$ and the 
thermodynamic amplitudes. Typical relations between the 
amplitudes are 

CO * (A + /k B )l/3 - o.26 (5) 

and 

Co • (B 0 /r + k B )l/3 ~ o.67 (6) 

These corollaries mean that purely thermodynamic measure¬ 
ments can be used to determine the correlation length, a 
structural property, which usually is obtained from scat¬ 
tering experiments. Thermodynamic and scattering^, 17,18 
measurements are consistent with the two-scale-factor uni¬ 
versality hypothesis. 

There are two aspects of all of the above predictions 
that have greatly complicated detailed experimental tests. 
The first is that the predictions are made in terms of 
abstract fields whose relationship to the thermodynamic 
field variables accessible to experiment is not known in 
advance. One expects that the abstract fields, sufficiently 
close to the critical point, can be approximated by linear 
combinations of the experimental field variables (as illus¬ 
trated by x and h in Eqs. [1] and [2]). In general, it is 
not possible to state what "sufficiently close" means. For 
some liquid-vapor systems, this issue has been carefully 
studied A19 In these systems, the linear combination of 
variables in Eqs. (1) and (2) is consistent with data in an 
experimentally relevant range (10~4 < | x | < 10~1 and 0.03 
< Ap*| < 0.4) if the system-dependent parameter e in Eq. 
(1) is chosen in the range -0.02 < e < -0.005. 

The second complication in testing predictions is that 
the exponent A, characterizing corrections to scaling for 
many systems of interest, is near^® 0.5, a number much 
less than 1. It follows that "sufficiently close," in the 
sense that correction terms are small, is close indeed. For 
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example, the constant-volume heat capacity has the expan¬ 
sion as the critical temperature is approached from below 

C v = A"(-t)'-« • (1 + Ai(-t)A + . . . ) (7) 

= A"(-t)- 011 (l + Ait-t) 0 - 5 + . . . ) 

If Aj is on the order of unity, -t must be less than 10"^ 
if the second term is to be less than 1% of the first term. 
This condition is required if, for example, the exponent a 
is to be determined to roughly 1%. 

It is useful to estimate the precision with which an 
experiment can determine the value of a critical exponent 
such as a. The simplest assumptions for this purpose are 
1) the temperature can be measured with arbitrary accu¬ 
racy, 2) C v can be measured with a precision 6C V , 3) 
there are N decades of t available where t is sufficiently 
small that corrections to scaling of the form t A are 
negligible and the precision of C v is not degraded, and 4) 
the noncritical contribution to C v is comparable to or 
smaller than the critical contribution. With these assump¬ 
tions, the result is 

6a/a = (6C v /C v )/(a • N • 2.3) « (6C v /C v )/(0.25 • N) (8) 

To determine a to 1% requires, for example, 6C V /C V « 0.005 
and N » 2. 

The subjects mentioned up to this point are quite well 
developed theoretically and experimentally. For the domi¬ 
nant critical exponents (T and 6) and the amplitude ratios 
characterizing gp, the tension between theory and experi¬ 
ment occurs at levels of 0.3% to 3.0% for several universal¬ 
ity classes. This is illustrated in Table 2 with recent 
values of a from several sources for the d = 3, n = 1 
class. 

The subdominant critical exponent (A) and the ampli¬ 
tude ratios characterizing gj are not known nearly as well 


Table 2 Recent values of the specific heat exponent, 
a, for d = 3, n = 1 


System 

Value of a 

Reference 

Renormalization group 

0.1098 + 0.0024 

20 

Body-centered cubic Ising model 

0.1066 + 0.0009 

21 

Liquid-vapor (CO 2 ) 

0.1084 + 0.0023 

8 

Binary liquid mixture 

0.107 + 0.002 

22 


(triethylamine -D 2 O) 
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from experiments. There the uncertainties are, roughly 
speaking, 10% to 50% for the best experiments. Often the 
data are precise; however, there is no general agreement 
on which questions are to be asked of data, and the issue 
of the relationship between laboratory variables and the 
abstract fields becomes acute as one moves away from the 
critical point. 

Other Phenomena of Current Theoretical Interest 

For transport properties, the static universality 
classes have been subdivided according to the presence or 
absence of conservation laws for density variables.23 The 
predictions for each class include the frequency and wave- 
vector (q) dependence of the transport property anomalies 
asymptotically close to critical points. In the hydrodynam¬ 
ic (zero wave-vector) limit, they are expected to show 
scaling behavior as a function of the correlation length 
and therefore as a function of the thermodynamic varia¬ 
bles. For the fluids of concern here, the viscosity (ri) is 
predicted^ to show a weak divergence (ri « |t|~y, with 
y » 0.033). The fluctuations of the order parameter relax 
diffusively. The thermal diffusivity (D-p) of liquid-vapor 
systems and the mutual diffusion coefficient (D) of binary 
liquid mixtures both approach zero at critical points 
because of the diverging correlation length and the 
diverging viscosity 

D « D x oc (£ • ti) -1 « |t| v+ y « 111 0.63+0.03 ( 9 ) 

When the wave-vector dependence of the transport proper¬ 
ties is considered, scaling as a function of q£ has been 
predicted and confirmed25 - 27 by experiment. The relevant 
experiments measure a dynamic scaling function, an expo¬ 
nent related to the viscosity exponent (y), and an ampli¬ 
tude ratio. Thus, the theoretical and experimental 
situation for transport properties closely resembles that 
for thermodynamic quantities. However, there is some 
doubt that the transport properties can be expanded in a 
form analogous to Eq. (4) in an experimentally meaningful 
regime. In Eq. (4), the anomalous terms are added to an 
analytic term and the first correction term differs from the 
leading term by an exponent A ~ 0.5. Theoretically guided 
representations of the viscosity anomaly near critical 
points have used a multiplicative form for the anomaly 
without a correction term.25,26 

For the transport properties, the tension between 
theory and experiment occurs at a 10% level^S (for the 
exponent y and a particular dynamic amplitude ratio E). 
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The nature of the correction terms (or, equivalently, 
"crossover functions") for the transport properties is not 
well-known. 

There are several subjects of current interest for 
which both theory and experiment are much less devel¬ 
oped. Because these subjects are less well developed, it is 
harder to argue that gravitational effects limit experimental 
progress. These subjects include the nature of the inter¬ 
face between coexisting critical phases, 28,29 the nature of 
the interface between a critical phase and a noncritical 
phase,30 the sequence of events that control how a fluid 
system separates from one phase into two phases after a 
quench,31”32 the sequence of events that controls the 
remixing of two phases into one phase after an inverse 
quench, ^3,33a the effects of laminar^ and 
turbulent^ flows on the structure of fluids, and the 
amplitude ratios^® relating the interfacial tension between 
coexisting critical phases to bulk thermodynamic proper¬ 
ties. 


Equilibration and the Role of Fluid Systems in 
Testing Theory 

The RG picture of bulk critical phenomena has been 
tested by experiments on systems representing many dif¬ 
ferent universality classes including some systems^‘>38 
with d = 2, a few exactly solvable models, and approximate 
calculations on a wider range of models (notably, series 
expansions of the partition function of Various Ising 
models and simulations of more complicated models). The 
general picture is confirmed in a remarkably wide range of 
cases. Nevertheless, the numerical quantities that are 
calculated within the RG picture always are calculated 
approximately. Thus, one can adopt the conservative point 
of view that a more accurate measurement of, for example, 
a critical exponent is a test of the approximations made in 
specific calculations and a challenge to improve the calcu¬ 
lations. A more radical point of view would be that a more 
accurate measurement is required to find the limits of 
validity of a theoretical approach that claims to be funda¬ 
mental and general. In either case, the experimentalist is 
challenged to improve the precision of measurement and to 
extend the range of measurements toward the critical 
point. (Of course, the same challenge is presented to 
those theorists who analyze specific lattice models.) 

There is no doubt that the superfluid (lambda) tran¬ 
sition in ^He is the best experimental system for the 
accurate measurement^ of the critical exponent a (which 
characterizes the divergence of C v ). The unique feature 
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of 4 He is the rapid thermal equilibration of macroscopic 
samples, even very near the lambda transition. Other fluid 
systems can probe aspects of the theory that are not ac¬ 
cessible to 4 He because the order parameter for the super*' 
fluid transition is not physically observable. For example, 
other fluid systems can be used for measurements of the 
correlation length via light scattering, the relaxation of 
order-parameter fluctuations in equilibrium, the response 
of the order parameter to external fields (such as 
gravity), the interfacial tension between coexisting phases, 
and the dynamics of the phase-separation process. In 
principle these latter quantities could be observed in solid 
systems with critical points; however, it is not possible to 
attain thermal equilibrium in a conveniently large sample of 
a solid on a laboratory time scale. 

Near a critical point, a sample of material must have 
dimensions that exceed £ in each direction if the sample's 
properties are to be representative of the properties of a 
bulk (infinite) sample. Thus, one can define a time, x, 
that is required for a volume of fluid £3 to attain 
equilibrium 

x s |2 /d = (| 0 t -v ) 2 /(D 0 t u+ y) = T 0 t-3v-y s T 0 t- 19 3 (10) 

D is replaced with for liquid-vapor systems. Light¬ 
scattering data from the literature (see Refs. 27, 40, and 
41) were used to estimate this local equilibration time, x, at 
t = 10”® as well as the time, x mm = (1 mm) 2 /D, for equi¬ 
libration of a 1 mm3 sample at t = 10”® of some fluid 
systems. These estimates are listed in Table 3. Xenon 
(Xe) and 3 He are considered at liquid-vapor critical points 
and Me-Cy is the binary liquid mixture methanol-cyclohex¬ 
ane near its consolute point. Table 3 shows that at t = 
10”®, local equilibrium can be reached via diffusion on a 
convenient time scale; however, equilibrium cannot be 
attained in a volume of 1 mm3 without waiting days. This 
condition greatly constrains measurements that might be 
carried out at t = 10”®. For example, if a fluid sample 
ever were to become spatially inhomogeneous by spending 
some time below the critical temperature, stirring would be 
absolutely essential for remixing the fluid. (The shear 
flows associated with stirring decay rapidly. The energy 
required for mixing on large scales is negligible.) The 
entry x mm in Table 3 above refers to a homogeneous 
sample at the critical density. In Earth's gravitational 
field at t = 10”® most of a liquid-vapor sample 1 mm high 
is at least several percent above or below the critical den¬ 
sity, and such a stratified sample relaxes much more 
rapidly. 
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Table 3 Equilibration times for various systems 


System 

D 0, 

(in cm‘/s) 

$0 

(in nm) 

*0 

(in s) 

x 0 (10- 6 )* 
(in s) 

1.93 T 

T mm 
(in s) 

Xe 

5.1 x 10 -4 

0.19 

0.7 

x 10 -42 

0.27 

1.9 x 10 5 

3 He 

1.5 x 10 -4 

. 0.26 

4.6 

x 10~ 12 

1.70 

6.8 x 10 s 

Me-Cy 

0.2 x 10 -4 

0.35 

53.0 

x 10 -12 

20.00 

43 x 10 s 




— 

- - 

— 



In contrast with fluid systems, solid systems cannot 
be homogenized by stirring. Lattice defects such as 
vacancies, interstitials, and dislocations effectively are fro¬ 
zen in place. Intuitively, one can view a macroscopic solid 
sample as a collection of samples, each with its own aver¬ 
age lattice constant, critical temperature, and so forth. A 
macroscopic probe averages over such a collection of 
samples. (In some ways it is better to view the frozen 
defects as generating a randomly placed set of fields that 
couple to the order parameter and prevent the macroscopic 
sample from attaining the state h = 0.) In practice, the 
closeness of approach to the critical points in solids is 
limited by averages over such inhomogeneities. 

Gravity Effects on Fluid Systems 

There are two distinct roles that gravity plays in 
experimental studies of equilibrium critical phenomena. In 
the first role, gravitational stratification of fluids limits the 
resolution of measurements of fluid properties near critical 
points. In this role, gravity complicates experiments; 
however, it does not alter the phenomena under study. In 
its second role, gravity suppresses the fluctuations that 
would occur at the critical point in the absence of gravity. 
This second role can be described as an intrinsic limitation 
of experiments by gravity. Here, gravity affects fluids in 
the same way as lattice imperfections affect solids. Finally, 
the role of gravity in nonequilibrium phenomena is men¬ 
tioned. 

In Earth's gravitational field, the equilibrium density 
of a fluid decreases as a function of the vertical coordi¬ 
nate z. Under ordinary conditions, this stratification 
effect is so small that it is neglected. (At ambient tem¬ 
perature [3p/3z]/p is 5 x 10 -! Vmm for liquid water and 
7 x 10~®/mm for water vapor). As the critical point is 
approached, along the path of two-phase coexistence (the 
vapor-pressure curve), the symmetrized isothermal com¬ 
pressibility, = (8p/3y)x> diverges as t -ir , where f ~ 
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1.24. The divergence in Xt enormously magnifies this 
stratification. Values of (9p/3z)/p of 0.1/mm are attained 
readily. 

All experimental probes average the property they 
measure over a finite height. Near the liquid-vapor criti¬ 
cal point, the errors that result from averaging over the 
height-dependent density can be the dominant ones. 
Moldover et al.^2 systematically estimated the experimental 
consequences of density averaging. They assumed that 
the local chemical potential y [p(z),T] at each level, z, was 
equal to the chemical potential of a uniform fluid (that is, 
in a zero-gravity environment) at the same values of p and 
T. In, this approximation, the density-versus-height pro¬ 
file can be obtained from the relation 

v[p(z),T] - y[p(z 0 ),T] = -go • (z - zq) (11) 

Here, zq is a reference height that was chosen so that 
p( z o) = Pc> 60 i s the acceleration due to Earth’s gravity, 

9.8 m/s 2 ; and y(p,T) was obtained from an equation of 
state similar to that obtained by differentiating Eq. (4). 
Moldover et al. have shown that the effect of density 
averaging is to limit the effective temperature resolution of 
experiments to At m j n and that At m j n scales as (g * h/H)P, 
where h is the height over which the experiments average, 
H is a system-dependent scale height that varies from 7 
km for steam to 0.7 km for 3He, and p is a combination of 
the universal exponents. Representative results for Xe 
are listed in Table 4. The tabulated values of At m j n have 
been achieved in Earth-bound experiments in various 
fluids (not necessarily Xe). 

The second class of equilibrium gravity effects are 
those that are independent of instrumentation. The prop¬ 
erties of the fluids are altered by the presence of the 
gravitational field. In this context, gravity affects a 
liquid-vapor system near its critical point in the same way 
that an external magnetic field affects a magnetic solid 
near a Curie point. The external field prevents the 
experimental system from reaching the point t = 0, h = 0 
in a finite-sized volume. 

The importance of this external field can be estimated 
by asking when the gravitational contribution to the poten¬ 
tial energy of a fluctuation becomes comparable to kgT c . 
The mean square fluctuations in the number of molecules 
in a volume, V, is given by 

< (AN) 2 > = k B T • X T • V/m 2 (12) 

where m is the molecular mass. The gravitional contribu- 
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Table 4 Limits to measurements due to stratification 


Measurement 

Height 

Atmin 

P 

Coexisting densities 

0.2 mm 

3 x 10~ 5 

0.81 

via capacitance 




Compressibility via 

0.2 mm 

7 x lO -5 

0.64 

capacitance 




Specific heat 

1 mm 

3 x 10 -5 

0.64 

Equation of state via 

3 mm 

3 x lO -5 

0.36 

interferometry 

(cell width) 



Correlation length 

0.1 mm 

3 x 10~ 5 

0.64 


tion to the potential energy of a fluctuation of volume 
£ 2 is equal to kj$T when 

m • g • £ • < (AN) 2 > 1/2 = k B T (13) 

When Xx and £ are expressed as power laws on the path 
h = 0 and are inserted into this condition to define 
^intrinsic we obtain 

Winsic = 4x10-7 • (g/g 0 ) 0 - 46 (14) 

Density fluctuations cannot continue to grow when |t| is 
reduced below tj n ^ r j ns j c because the gravitational contri¬ 
bution to the potential energy would exceed kgT. Detailed 
calculations by Sengers and van Leeuwen43,43a confirm 
the order-of-magnitude estimate and the exponent in Eq. 

(14). 

The state-of-the-art of temperature control readily 
can reach tj n ^ r j ns j c . Unfortunately, the fluctuations are 
suppressed only within a volume that is about a correlation 
length in height (4 ym at tj n trinsic for Xe). Presently, it 
is not possible to measure the properties of interest in 
such a small volume of fluid when the volume is part of a 
larger volume of near-critical fluid. (If such a small 
volume were studied in a small container by itself, the van 
der Waals forces exerted by the container walls on the 
fluid would produce effects that are comparable to 
gravity.) 

In equilibrium, Earth's gravitational field suppresses 
long wavelength fluctuations of fluid interfaces in essen¬ 
tially the same way that it suppresses density fluctuations 
in a near-critical fluid. This is not a critical-point effect; 
however, it probably can be studied best by using fluids 
near a critical point and varying the degree of density 
matching between coexisting phases by isotopic substitu¬ 
tion. 
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When a fluid is forced out of equilibrium, for example, 
by quenching it from a one-phase state into a two-phase 
state, gravitational forces drive hydrodynamic flows that 
dominate the latter stages of phase separation. It has 
been shown by simple dimensional arguments that the 
earlier stages of phase separation are controlled first by 
diffusion and then by surface-tension-driven flows. 

(Flows driven by temperature gradients have not been 
considered.) In principle, a low-gravity environment would 
provide the opportunity to study the surface-tension- 
driven flows on a longer time scale and on a larger size 
scale than on Earth. This opportunity probably cannot be 
exploited using standard optical techniques. When the 
phase-separation process reaches these late stages in 
which the characteristic size of the emerging phases is 
comparable to or exceeds the wavelength of light, fluids 
become extremely turbid. Multiple scattering prevents the 
useful interpretation of data taken on conveniently sized 
samples.44 If a thin sample were used, the presence of 
boundaries would influence the phase-separation process. 

An interesting system in which to study phase separation 
might be a ternary-liquid mixture chosen so that its coex¬ 
isting phases near a consolute point have nearly identical 
indices of refraction. In such a system, one could simul¬ 
taneously reduce multiple scattering and gravitationally 
driven flows (by working in a low-gravity environment). 

The late stages of phase separation of a fluid system 
near a critical point are not essentially different from the 
late stages of phase separation of a fluid system far away 
from a critical point. In both cases, the phenomena are 
controlled by hydrodynamics. The proximity to the critical 
point merely determines the values of thermodynamic and 
transport properties that are to be substituted into the 
hydrodynamic equations. (In this context, "late stages" 
probably means at times greater than x as defined by Eq. 
[ 10 ].) 


Representative Low-Gravity Experiments 

This section describes four planned low-gravity 
measurements in the area of critical phenomena. Two are 
being led in Europe and are in advanced stages of devel¬ 
opment. The other two are in earlier stages of develop¬ 
ment in the U.S. and directly involve the author. 

Of the four experiments, only the one developed by 
Dr. Bey sens and his co-workers (CEN, Saclay, France) 
could possibly be considered a qualitative "look-and-see" 
experiment. Beysens has been studying the phase separa¬ 
tion of binary liquid mixtures of Me and Cy.^A® The 
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coexisting phases of this mixture are, by accident, very 
nearly density matched (Ap » 0.0026 gm/cm^ • (-t)0.33 
from Ref. 36). Bey sens has improved the density match 
by substituting deuterated Cy for normal Cy. The deuter- 
ation was continued until the capillary length for the 
interface between the coexisting phases was increased to 1 
cm when t ~ 10~4 From measurements of the interfacial 
tension, one would expect that this criterion achieves a 
density match of the coexisting phases to much better than 
1 part in 10® at the prescribed temperature. Beysens 
reports that difficulties in controlling the concentration of 
an impurity (water) actually limited the accuracy of the 
density match to 1 part in 10®. Such a density-matched 
sample was observed to separate into distinct phases on 
Earth in less than 5 min after being quenched from t = 1,7 
x 10 _ ® to t = -3.4 x 10 _ ® in a container 1.0 cm high and 
0.2 cm thick. The later stages of the phase separation are 
accompanied by convective motion. A similarly sized 
sample that was not as carefully density matched showed 
no evidence (in a high-resolution movie) of any phase 
separation after being quenched in a sounding rocket and 
left undisturbed in a 10~® g environment for 6 min.46 The 
movie made during the flight simply showed a totally tur¬ 
bid, fluctuating sample whose properties did not change. 
These preliminary results have not been explained. 

Beysens is planning similar experiments of longer duration 
in the European Spacelab. 

Professor Straub and co-workers^? at the Technical 
University of Munich are planning to measure the exponent 
a, characterizing the constant-volume specific heat diver¬ 
gence near the critical point of sulfur hexafluoride. An 
Earth-based version of his experiment has demonstrated 
roughly 1% resolution in C v in the temperature range 
10~® < |t| < 3 x 10"4. When |t| < 5 x 10“®, the resolution 
of the measurement is limited by the stratification of the 
1-mm-high sample in the Earth's gravitational field. This 
experiment apparently does not include provision for stir¬ 
ring. Thus, one might speculate that incomplete tem¬ 
perature equilibration will limit the resolution of this 
experiment in a low-gravity environment. (The apparent 
resolution of heat-capacity measurements of both one-phase 
and two-phase states of binary liquid mixtures on Earth is 
known^2 to be greatly enhanced by moderate controlled 
stirring. Presumably this occurs because the macroscopic 
equilibration time begins to approach the local equilibration 
time.) 

One can use Eq. (8) to estimate the precision with 
which Straub's experiment can determine the value of a. 

If the desired temperature resolution is indeed achieved. 
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Straub's experiment will span approximately two decades in 
t where t^ < 10“2. Thus the experiment will determine a 
with a precision near 2%. This precision is comparable to 
the precision that has been obtained on Earth when 
C v was measured with higher resolution outside the 
gravity-limited range.® Presumably, in future versions of 
Straub's experiment, higher resolution techniques will be 
adopted. The present version of Straub's experiment was 
scheduled to be flown in October 1985 on the European 
Spacelab. 

Professor Gammon4®A®a and co-workers at the Univer¬ 
sity of Maryland have designed a low-gravity experiment 
to measure the correlation length and the decay rate of 
density fluctuations much closer to the critical point of Xe 
than is possible with any Earth-based experiment. The 
primary scientific objective of Gammon's experiment is to 
test the theory for the decay of density fluctuations in the 
nonhydrodynamic limit. The limits t-»0 and h-»0 have to be 
achieved as well as the limit q£ » 1. 

To establish the feasibility of the optical aspects of 
this experiment. Gammon demonstrated,44,48,'48a w ith a 
density-matched binary liquid mixture, that multiple scat¬ 
tering could be avoided by using an optical cell with a 
path length only 200 pm long. A small, light, multistage 
thermostat was demonstrated to control the temperature of 
a fluid sample to a few parts in 10®. The thermostat 
responds to small changes in set point in less than 5 min, 
and it responds to major changes, where all stages are 
reset, in less than 45 min. Thus, data at many tempera¬ 
tures can be acquired during a normal shuttle mission. 

Many other problems had to be overcome during this 
experiment. Gammon demonstrated the capability for load¬ 
ing the sample cell with a mixture within 0.05% of the crit¬ 
ical composition, precisely measuring the critical 
temperature, accurately measuring the scattering angles, 
accurately measuring the decay rate of fluctuations from a 
thin sample without interference from window scattering 
and minimizing fractionation of the sample by the formation 
of wetting layers on the walls of the sample cell. This list 
of problems underlines that this is a very sophisticated 
experiment that has been developed with man-years of 
ground-based research. The specifications for the low- 
gravity version of this experiment now are in preparation. 

The author has been developing a related experiment 
to measure the divergence of the shear viscosity in the 
hydrodynamic limit near the critical point of Xe. The con¬ 
ditions h-K) and t-K) must be achieved as well as the dynam¬ 
ic conditions wt < 1 and St < 1. Here, t is the local 
equilibration time defined by Eq, (10) above and tabulated 
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earlier, hi is the angular frequency of the viscosity mea¬ 
surement, and S is the maximum shear rate used in the 
viscosity measurement. It is possible to approach the con¬ 
dition u = 0 by using, for example, a capillary-flow viscom¬ 
eter; however, such viscometers typically have a value of S 
near 100 s“L In collaboration with Dr. R. Berg, the 
author has developed a novel "cup” viscometer that con¬ 
tains a fluid sample within a cylindrical container, which 
also acts as the inertial element of a torsion oscillator. 

The damping of the oscillator is used to measure the 
viscosity. This instrument has been used to measure the 
viscosity of binary mixtures of Me and Cy with a precision 

of + 0 . 2 % in the range 10 “^ < t < 10 “ 2 , while maintaining the 
very low values S = 0.5 s“l and w = 3 rad/s. These pre¬ 
liminary data49 lead to the value of the viscosity exponent 
y = 0.041 + 0.001. This value clearly disagrees with two 
recent calculations^ that yield y = 0.033. 

This viscosity apparatus is being tested with liquid- 
vapor systems on Earth. Gravitational stratification of 
liquid-vapor systems is expected to limit the use of this 
novel viscometer to the range t > 10“4 A low-gravity 
experiment with Xe could extend the useful range to 
t = 10 “ 6 , where violations of the condition wt < 1 begin. 
(Density-matched binary mixtures are not totally satisfac¬ 
tory substitutes for a liquid-vapor system because they 
relax more slowly, limiting the hydrodynamic regime to 
t > 10~5, and because the separation of the viscosity into 
critical and noncritical parts is more complicated.) 

The ultimate objective of both the light-scattering and 
viscosity experiments is to combine their data to test the 
mode-coupling theory near the critical point with the 
fewest possible assumptions. In its present form, this 
theory leads to a pair of coupled integral equations over 
particular functions of the static structure factor. The 
equations relate the wave-vector-dependent fluctuation 
corrections to the shear viscosity to the fluctuation-decay 
rates observed optically. It follows that a test of the 
theory with the fewest possible assumptions also will 
require viscosity data in the nonhydrodynamic region, 
wt » 1. The possibility of combining such high-frequency 
measurements with present measurements in the hydrody¬ 
namic regime is under study. 

Opportunities for Academic Research in a 
Low-Gravity Environment 

Of the four experiments that have been described 
above, two are being conducted in an academic environment 
and the other two are being carried out in government 
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laboratories, which have much in common with an academic 
environment. The development of the viscometer at the 
National Bureau of Standards has involved the full-time 
effort of one postdoctoral research associate and the part- 
time effort of a senior staff member for 2 years. The 
expenditures for such things as capital equipment, sup¬ 
plies, travel, and publication costs, have been commen¬ 
surate with the expenditures for such items by a research 
project involving one postdoctoral associate at an academic 
institution. 

It is anticipated that this level of effort will continue 
for 1 more year, at which time the parameters of the low- 
gravity version of the experiment will have been fully 
defined. After that, substantial engineering assistance will 
be required to develop the low-gravity version of the 
experiment. 

In addition to the four projects just described, there 
are other opportunities for exploiting low-gravity environ¬ 
ments for the study of critical phenomena. Obviously, 
detailed study of the static anomalies other than C v also 
could profit from a low-gravity environment. Other oppor¬ 
tunities involve looking for weak effects that are either 
comparable in scale to a fluid's response to gravity or 
effects that are swamped entirely by a fluid's response to 
gravity. An example is the experimental search for a 
dielectric constant anomaly near a liquid-vapor critical 
point. Several spurious reports of such an anomaly have 
resulted from unrecognized effects of gravitational strati¬ 
fication.^ The spurious anomalies were much bigger than 
order-of-magnitude estimates for the theoretically expected 
anomaly. Another weak effect is a fluid's response to the 
van der Waals forces between the fluid and a nearby solid, 
such as a container wall. In some circumstances, wetting 
layers form on a wall, and their thickness is controlled by 
the competition between gravity and the long-ranged van 
der Waals forces.51 In a low-gravity environment, such 
layers are expected to be much thicker. Beysens has 
suggested^ that the study of such layers would be 
assisted by a low-gravity environment. 

Discussions of opportunities for low-gravity research 
in critical phenomena frequently conclude by recommending 
a simple photographic study of a phase-separating pure 
fluid near its critical point, perhaps along the lines of 
Beysens' work with binary mixtures.if multiple scat¬ 
tering were overcome, such a study would reveal ordinary 
hydrodynamic phenomena albeit in a fluid with an extraor¬ 
dinary high Prandtl number. Thus, the merits of such a 
photographic study should be argued in the context of its 
contributions to understanding hydrodynamics rather than 
its contributions to understanding critical phenomena. 
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Chapter 2C 


Comments on Critical Phenomena 

Robert L. Scott* 

University of California, Los Angeles, Los Angeles, California 


This review reflects the perspective of an author 
whose expertise is in phase equilibrium in binary and ter¬ 
nary mixtures of fluids, and in equilibrium critical and 
tricritical phenomena in these systems. The author's opi¬ 
nions are based on his work more as an experimentalist 
rather than as a theoretician. 

Why Low Gravity? 

At a critical point T c the partial derivative at 
constant temperature of the chemical potential p with 
respect to an order parameter ip, (3p/0t|j)T> necessarily 
vanishes. Whatever the order parameter, it is coupled 
directly or indirectly with the density, so large gradients 
in the concentration or the density are produced in the 
critical region by gravitational effects. These gradients 
have unavoidable and undesirable consequences if one 
wants to study the behavior of systems extremely close to 
the critical point. That is, for very small values of the 
scaling parameter t = (T-T c )/T c ), 1) only a single layer 
can be at the critical density or the critical concentration, 
and many measurements (e.g., of the heat capacity) 
necessarily average over the whole sample, and 2) the gra¬ 
dients in effect suppress the full range of fluctuations 
expected in the critical region. Obviously, if special 
problems associated with low gravity can be resolved, 
experiments under these conditions could yield information 
about behavior at very small t, perhaps as small as 
10 _ 9— a t least three orders of magnitude smaller than that 
presently attainable on Earth. 


Copyright © 1986 by the American Institute of Aeronautics and 
Astronautics, Inc. All rights reserved. 

^Professor of Physical Chemistry, Department of Chemistry 
and Biochemistry. 
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Materials 

The number of satisfactory fluid systems for study in 
space is extremely limited, particularly when one recog¬ 
nizes that one should use only those substances that 
already have been studied as exhaustively as possible on 
the ground. 

First, there is helium (He), uniquely desirable 
because it can be made exceptionally pure and because it 
exists as a liquid and as a superfluid under conditions 
where an extraordinary degree of temperature control is 
possible and where different properties can be measured 
with very high precision. Moreover, He not only has the 
usual gas-liquid critical point (Ising-like, with the number 
of vector components n = 1), but also a lambda transition 
(n = 2) and a tricritical point in the mixture of He iso¬ 
topes, ^He + ^He (with essentially classical or Landau-type 
behavior). However, at the lambda transition one cannot 
measure the order parameter, so it is impossible to deter¬ 
mine the correlation length and related properties. 

Second, of the "classical" fluids, xenon (Xe) and sulfur 
hexafluoride (SF 0 ) have been suggested as good choices, 

Xe because it is a monatomic fluid, and SFg because its 
critical point occurs just above room temperature. Mea¬ 
surements with them have lots of problems that are 
avoidable with He. 

Finally, it is doubtful that, at least at present, 
anything useful could be obtained from measurements of 
critical phenomena in binary mixtures (with the exception 
of the special case of the mixture of He isotopes). There 
are problems of mixing, and the establishment of 
equilibrium will be much slower; the time for the decay of 
fluctuations in concentration is at least an order of magni¬ 
tude longer than for fluctuations in density (as Moldover 
shows in Chapter 2B). Moreover, there is no reason to 
believe that the critical behavior of multicomponent fluid 
mixtures is in any fundamental sense different from that of 
one-component (pure) fluids. There is no reason to pile 
up data on different systems when one expects to find no 
differences; it is much better to make very careful 
measurements on a few systems. 

Equilibrium Properties 

A great deal already is known about the thermody¬ 
namic behavior of fluids in the critical region from careful 
ground-based experiments, and no proposed experiment in 
space should be considered unless it offers the possibility 
of yielding information that is almost impossible to obtain 
on Earth. 
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It appears that the equilibrium critical exponents for 
Ising-like fluids and fluid mixtures (i.e., n = 1), derived 
from theoretical power-series expansions, from renormal¬ 
ization group (RG) theory, and from experiment, are now 
in essentially complete agreement. Although it is true that 
some experiments are such that the data must be fit to the 
equations of "extended scaling" with several parameters, a 
few experiments are largely free of these complications, so 
the present author believes that Lipa's description of the 
situation (with the quotation from Guttinger and Cannell) 
is an overcautious statement, almost a misrepresentation, of 
the current situation (see Chapter 2A). In the opinion of 
the author, the Ising exponents are now sufficiently well 
established that experiments to determine them in space 
(or indeed further experiments on Earth) will be 
increasingly hard to justify. 

The situation regarding the lambda transition in He is 
somewhat different. As Lipa emphasizes, there are still 
some residual discrepancies between theory and experiment 
for the n = 2 exponents, particularly the heat-capacity 
exponent a, and low-gravity experiments to resolve these 
can be performed with extremely high resolution. Unless 
the theoretical calculations for n = 2 have been determined 
less carefully than those for n = 1, the low-gravity experi¬ 
ments probably will show that the RG exponents are 
correct. Because these experiments appear to be capable 
of resolving the discrepancy (or of showing that it is real 
and that there are serious problems with RG theory), they 
are, of course, important to do. Moreover, it is very 
desirable to have at least one exponent value determined 
with such high precision that the theorists will have the 
motivation to refine their calculations further. 

The precise determination of the heat-capacity expo¬ 
nent a for the lambda transition will have the additional 
dividend that, when combined with speed of sound measure¬ 
ments, it will yield a precise value for the superfluid den¬ 
sity exponent <, which is identical to the correlation length 
exponent v. This will then permit a test of the 
"hyperscaling" hypothesis that dv = 2 - a or, for the real 
world of three dimensions (d = 3), v = (2 - a)/3. 

There is still a real challenge to theoreticians here. 

All the experiments, at least for n = 1 fluids, indicate that 
the scaling hypothesis, which links the exponents, is 
correct within decreasingly small experimental error, and 
increasingly careful series expansions indicate the same 
conclusion, even for "hyperscaling." RG theory, of course, 
assumes scaling. The challenge is to show that scaling can 
be derived from the first principles of statistical mechanics 
or, if it cannot, to show what the nature and magnitude of 
the deviations are. 
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Despite the availability of satisfactory Ising expo¬ 
nents, there is at least one area in which equilibrium mea¬ 
surements in space might still be interesting and 
important: the determination of the exact form of coexis¬ 
tence curves at a critical point or a tricritical point. 

According to theory, the limiting form of the coexis¬ 
tence curve can be represented by two equations 

P ' - P " = b | t | » (i) 

and 

p' + p" = A + C | t | 1- « + Dt (2) 

where p' and p" are the densities of the coexisting phases, 
t = (T-T c )/T c ; A, B, C, and D are constants; and a and 8 
are the usual critical exponents. For Ising-like fluids (n = 
1) and fluid mixtures, Eq. (1) is now well-confirmed by 
experiment, with the experimental 8 in excellent agreement 
with the RG value (0.325). 

If C is set equal to zero, Eq. (2) reduces to the 
familiar "Law of the Rectilinear Diameter." However, for 
any nonzero C, no matter how small, the second term with 
its exponent 0.89 ultimately will, at sufficiently small t, 
dominate the third term with its larger exponent, 1, intro¬ 
ducing curvature into the otherwise rectilinear diameter 
(Fig. 1). There is a little experimented evidence for this 
nonlinearity at small t, but it is far from conclusive. The 
interpretation of the experiments 1 that suggest a (l'-o) 
term for SFg has been questioned, 2 and the analysis^ of 
coexistence curves for binary mixtures cannot clearly 



P 


Fig. 1 Schematic diagram of fluid coexistence curve in the criti¬ 
cal region, showing, the expected curvature of the diameter as one 
approaches T c . Note the difference between the linearly extrapo¬ 
lated critical density "p c B and the true p c . Not to scale. 
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distinguish between the ( 1 -a) term and the "28-effect" 
that arises from a poor choice of order parameter. 

Thus, a precise determination of the coexistence 
curve in the immediate vicinity of the gas-liquid critical 
point of a simple fluid would shed light on this remaining 
problem. Moreover, the resolution of this difficulty would 
have the nontrivial result of greatly improving the accura¬ 
cy of the determination of critical densities and. concentra¬ 
tions; at present, these are almost always evaluated by 
extrapolating a straight-line diameter to the critical tem¬ 
perature and thus could easily be wrong by as much as 1 % 
(The solution of this problem may even have a feedback 
effect on other experiments in space that are supposed to 
be measured at the correct critical density.) 

The coexistence curve in the vicinity of a tricritical 
point should have the classical exponent 82 = 1-00 (i.e., the 
two branches of the phase boundary are straight lines that 
intersect at the tricritical point 1 , and the symmetrical 
tricritical point in the mixture 4 He + ^He has been found 
experimentally 4 to agree (Fig. 2) with this prediction, at 
least to within less than one millikelvin of the tricritical 
point (t = 10 - 3). However, because a dimensionality d = 3 
is the point of crossover between classical and nonclassical 
behavior, one expects logarithmic corrections to the clas¬ 
sical behavior if one gets sufficiently close to the tricri¬ 
tical point. 

These corrections® should be manifest not in any 
markedly visible curvature of the phase boundary, but 



Fig. 2 The phase diagram for 4 He + ^He in the immediate vicinity 
of the tricritical point, showing the lambda line and the two 
branches of the coexistence curve as three straight lines. 
(Reproduced from Leiderer and Bosch, Ref. 4) 
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rather by a slow decrease in the slopes of the two 
branches that should appear at very small t, over several 
decades in t. This is illustrated in Fig. 3, where the 
circles show the region blown up in the next lower dia¬ 
gram. (The rate of change of slope for the disordered 
(^He-rich) phase should be much slower even than that of 
the ordered phase.) This predicted effect has not yet 
been observed in any fluid tricritical system. If the coex¬ 
istence curve of ^He + ^He could be measured to micro- 
kelvin precision or better (i.e., t S 10“®), this effect might 
be found. 

These coexistence-curve experiments would not be 
easy. The determination of a phase diagram requires 
either the measurement of the difference in some property 
(e.g., refractive index or density) between coexisting 
phases or the measurement of a separation temperature for 
a series of samples of varying overall density or com¬ 
position. Because in low gravity, segregation into 
macroscopically separated phases will be extremely slow, 
measurements on distinct coexisting phases (either in situ 
or by sampling) appear almost impossible. 

The separation temperature of a sample can be deter¬ 
mined by observing the change in character of the light 
scattering as one reaches the phase boundary from the 
one-phase region (critical opalescence and incipient nuclea- 
tion are distinctly different). However, for "normal" fluids 
such as Xe or SFg, the reproducible purity of the differ¬ 
ent samples becomes crucial as one enters the microkelvin 
region, and it would be equally crucial for the He mixture 
in the micro- or nanokelvin region. It may be impossible 
to exclude slight impurities when one prepares different 
samples of "pure" Xe. Because of the special properties of 
He (among them the feature that one expects any impurity 
to freeze out), it might be possible to prepare He mixtures 
of sufficient purity to look for these logarithmic correc¬ 
tions. 


Nonequilibrium Properties 

The theory of transport and other nonthermodynamic 
properties in the critical region is much less well devel¬ 
oped than the theory of equilibrium properties. There are 
exponents associated with these, but they are less accu¬ 
rately determined either from theory or experiment than 
the thermodynamic ones. In some ways the experiments 
are more difficult to carry out, even on Earth, than the 
corresponding equilibrium ones, Moldover and Gammon 
have proposed experiments on viscosity and on dynamic 
light scattering, to be carried out in space, probably on 
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Fig. 3 Schematic representation of the predicted phase diagram 
for ^He + 3jj e> showing the slow decrease in slope of the coex¬ 
istence curve as Tj is approached. Each successive diagram 
represents an enlargement of scale of more than a factor of 10. 


Xe, and have simulated the low-gravity conditions by 
studying density-matched binary fluid mixtures (e.g., meth¬ 
anol + cyclohexane). To get the maximum information, the 
viscosity and the rate of decay of correlations must be 
measured on the same system. Note that studies of these 
binary systems on Earth are not a completely satisfactory 
substitute for actual studies on a one-component system in 
space for several reasons, among them: 1) as noted 
earlier, the equilibration times are so much longer for mix¬ 
tures; and 2) exact density matching is possible only at a 
single temperature. 
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Summary 

Studies in space of equilibrium and nonequilibrium 
properties in the critical region, carefully designed to take 
maximum advantage of low-gravity conditions, offer the 
opportunity of extending our understanding of this field. 
Although the general "nonclassical" aspects of critical phe¬ 
nomena are now reasonably well understood, at least in a 
semiquantitative sense, sufficiently so that one does not 
expect any real scientific breakthroughs, the chance to 
"finish off" the subject by experiments in space is 
appealing. 
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Chapter 3A 


Gravity, Microgravity, and the Approach to Picogravity 

C.W.F. Everitt* 

Stanford University, Stanford, California 


Background for Experimental Gravitation 

In contemporary physics, experiments on gravitation 
—other than a measurement of the gravitational constant G 
or observations of a purely geophysical character—may be 
viewed ultimately as investigating either the assumptions 
or the consequences of Einstein's general theory of 
relativity. As such, they may be divided into three 
classes, depending on whether the effect under study 
influences a clock, a photon, or a massive body. 

When Einstein formulated general relativity in 1915, he 
proposed three tests of the theory: 1) the gravitational 
redshift, 2) the deflection of starlight by the sun, and 3) 
detection of the relativistic term in the precession of the 
perihelion of the planet Mercury. The third test is an 
effect on a massive body, the second on a photon, whereas 
the first, which checks not so much a consequence of the 
theory as one of its assumptions, the strong equivalence 
principle, may be observed through either the change in 
wavelength of a photon or the change in rate of a clock 
resulting from a difference in gravitational potential. A 
fourth process, which Einstein identified but did not give 
any test for, was the propagation of gravitational radiation; 
this requires massive bodies for its detection. 

The Einstein tests were observations of solar system 
or astrophysical phenomena rather than controlled experi¬ 
ments in the physicist's sense. During the 1950s and 
1960s, a revived interest in gravitation led physicists to 
execute controlled experiments and suggest others. Two 
of the most noteworthy completed experiments were the 
ground-based measurement of gravitational redshift by 
Pound and Rebka* (later refined by Pound and Snider^ 3 ) 
and a greatly improved Eotvos experiment by Roll, 

Krotkov, and Dicke4 These two experiments test, respec- 
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tively, what one would now call the "strong" and "weak" 
equivalence principles. Weak equivalence is the 
Galileo-Newton hypothesis of the universality of free fall, 
based on comparing the ratios of inertial to passive gravi¬ 
tational mass for bodies of different composition. Strong 
equivalence is Einstein's extension of the principle to all 
the laws of physics in freely falling frames, the redshift 
being one consequence of that extension. 

Other important experiments from the 1960s related to 
gravity include Dicke and Kreuzer's ingenious demonstra¬ 
tion of equivalence for active gravitational mass^; the 
controversial Dicke-Goldenberg4>4a measurement of the 
optical shape of the sun (which cast doubt on the earlier 
agreement between predicted and observed values for the 
relativistic contribution to the precession of the perihelion _ 
of Mercury); and the construction by Joseph Weber®*® 3 of 
the first gravitational wave antenna, the start of a 30-year 
search that may now be approaching fruition. 

Meanwhile, two new realms for experimentation opened 
up: radio astronomy and space. Advances in planetary 
radar led Irwin Shapiro® in 1964 to suggest a new test of 
general relativity, the radar time delay experiment, a 
measurement of the relativistic increase in the roundtrip 
time for radar signals reflected from planets or spacecraft 
as they pass behind the sun. Measurements to the Mars- 
Viking Lander have now confirmed the predicted time delay 
to 0.1%, making this the most precise check of general 
relativity made so far.^ A related development was the 
application of Very Long Baseline Interferometry (VLBI) to 
observe displacements between radio stars in the ecliptic 
plane on passing near the sun. These observations pro¬ 
vide the first truly satisfactory check of the relativistic 
light deflection, now measured to 1%.®*® 3 The other new 
research realm from the 1960s, space, is the topic of the 
present chapter. 


The Uses of Space in Gravitational Physics 

Sputnik was launched in 1957. Physicists at once 
began thinking about the new opportunities for experi¬ 
ments on gravitation and relativity.®*® 3 Space offers the 
following four benefits: 


o A change in gravitational potential with distance 
from Earth 

o Microgravity (i.e., the reduced acceleration on an 
apparatus in free-fall) 

o A cyclic change in direction of the gravitational 
field acting on an apparatus circling Earth 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


APPROACH TO PICOGRAVITY 91 

o Elimination of Earth's atmosphere and hence of 
atmospheric disturbance in optical or other extra¬ 
terrestrial observations 

All four are significant in experiments on gravitation now 
under development or in the planning stage. 

Changes in gravitational potential find their most ob¬ 
vious application in tests of the strong equivalence prin¬ 
ciple. Pound and Rebka had measured the change in 
wavelength of a gamma ray transmitted 100 ft from the top 
to the bottom of the Jefferson Tower at Harvard. 
ZachariaslO j n 1959 suggested measuring the change in 
rate of a clock rising and falling a few hundred miles in a 
satellite in elliptic orbit. In 1974, Vessot and Levinell 
confirmed the redshift formula to 2 parts in 10 ^ by measur¬ 
ing the changes in rate of a clock going 18,000 vertical 
miles in a suborbital rocket. 

Microgravity is chiefly of use in experiments in which 
the effect under study influences a massive body. Three 
experiments are described here: 1 ) the orbiting gyroscope 
experiment proposed in 1959 independently by L.I. 

Schiff 12 and G.E. Pugh 1 ®: 2) an orbital test of the weak 
equivalence principle^, 14a. an d 3) an experiment to mea¬ 
sure the Lense-Thirring drag on the plane of a satellite 
orbit by means of two counterorbiting satellites 4 ® 

All three of these experiments require acceleration 
levels well below the nominal 10 "® g that constitutes 
microgravity; in fact, the levels needed range from 10 " 1 ® 
g for the gyroscope experiment to a cross-track average 
below 2 x 10" g for the twin satellite experiment. Such 
accelerations are attainable by applying the principle of 
drag-free control, originated by Pugh 1 ® in 1959 and first 
successfully used in the Disturbance Compensation System 
(DISCOS) controller for the U.S. Navy's Triad transit 
navigation satellite, developed in the Stanford Department 
of Aeronautics and Astronautics under the leadership of 
D.B. DeBra . 1 ^* 1 ? 3 It is convenient to denote 10 " 12 g as 1 
picogravity (pg). The measured in-track bias of DISCOS 
was 5 pg. 

Another method for reaching low gravity proposed 
recently is the "flying drop tower, " 1 ® a large evacuated 
chamber constituting one of the space station free flyers, 
within which experimental packages can be allowed to float 
freely for up to 1 h. Nominally the flying drop tower 
yields accelerations at the nanogravity (ng) level, but as 
discussed below, the effective performance in gravitational 
physics experiments is closer to 1 pg. 

The last two of the four benefits from space—cyclic 
change in the direction of gravity and elimination of atmos- 
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pheric disturbance—are reviewed below in connection, 
respectively, with the equivalence principle and gyroscope 
experiments. Other applications are mentioned later. 

The Gyroscope Experiment: Picogravity and Einstein 

Two relativistic effects^ make a gyroscope in orbit 
around a massive rotating sphere precess with respect to 
the framework of the fixed stars: 1) the geodetic pre¬ 
cession, Rq, due to orbital motion of the gyroscope in the 
gravitational field of the central body; and 2) the motional 
or gravitomagnetic precession, due to the central 
body's rotation. In a 600-km polar orbit around Earth, the 
two effects are at right angles as shown in Fig. 1, 

S2q being equal to 6.9 arc-s/yr and ftjq 0.44 arc-s/yr. 

These precessions are extremely small and measuring 
them requires a gyroscope of unprecedented accuracy. In 
the experiment now under development at Stanford Univer¬ 
sity with NASA support, the goal is to measure each 
effect to 1 marc-s/yr or better, which means having a 
gyroscope with absolute drift-rate some seven orders of 
magnitude lower than those of the best inertial navigation 
instruments. Translated into the units customarily used 
for specifying gyroscope performance, the requirement is 
10“H deg/h. 

A gyroscope may be an atomic nucleus, a macroscopic 
spinning body, a superconducting current, a sound wave 



Fig. 1 Geodetic and motional precessions of a gyroscope in Earth 
orbit. 




Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


APPROACH TO PICOGRAVITY 93 

propagating around a wine glass-shaped object, or a circu¬ 
lating laser beam. Laser and wineglass gyroscopes are 
orders of magnitude away from the desired performance. 
Nuclei and superconducting currents offer intriguing 
possibilities but are ruled out by their extreme suscepti¬ 
bility to magnetic disturbance. The only horse in the race 
is a supported spinning body, and no elaborate thought is 
needed to see that the most torque-free body is a precise¬ 
ly round, very homogeneous sphere. 

Consider the simplest torque acting on a suspended 
sphere, the mass-unbalance torque, computed by assuming 
that the sphere is perfectly round and supported through 
its center of geometry but not quite homogeneous. If an 
acceleration f is applied transversely to the spin axis, the 
torque on the sphere will be Mffir, where fir is the dis¬ 
placement between center of mass and center of support 
along the axis, and the drift rate will be 

fl u = 5/2 • f/v s • 6r/r (1) 

where r is the radius of the ball and v s its peripheral 
velocity. In the Stanford gyroscope, r is 19 mm and v s is 
2,000 cm/s. To establish gyroscope design, Eq. 1 is trans¬ 
posed into an inequality in terms of fl 0 , the maximum 
acceptable contribution to gyro drift from any one source 
and fir/r is written in terms of variations in density of the 
sphere, with fir/r < 36p/8p. Assuming approximately a limit 
of 0.1 marc-s/yr for the contribution to gyro drift, from 
this source 


f (6p/p) < fl 0 v s « 3 x 10 -17 rad/s (2) 

Since the minimum variation in density that can 
reasonably be expected is a few parts in 10 7 , the inequal¬ 
ity (2) sets an upper limit of 100 pg on the average acce¬ 
leration transverse to the gyro spin axis. 

The gyroscope is illustrated in Fig. 2. A 1.5-in. 
(38-mm) diam fused quartz sphere, round to better than 
0.8 yin. (20 nm), is coated with a thin layer of supercon¬ 
ducting niobium and supported within an evacuated cavity 
by means of 20-kHz alternating voltages applied to three 
mutually perpendicular sets of electrodes.^ On Earth, a 
potential difference of about 1 kV across the 1.5-mil 
(40-ym) gap between the rotor and housing is needed to 
support the rotor. In space, this can be reduced to 0.2 V. 
Because the suspension torques acting on the out-of- 
roundness of the rotor scale roughly as the square of the 
voltage, they, like the mass-unbalance torque, are greatly 
reduced by operating in space. With a rotor round to 0.8 
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F ig. 2 Design of gyro housing 
showing support electrodes and 
differential pumping scheme for 
the gas spin-up system. 


yin. and an average acceleration transverse to the spin 
axis below 100 pg, the gyro drift from this source also is 
below 0.1 marc-s/yr. 

The gyroscope spins at 170 Hz, an optimum rate fixed 
by the balance of torques that are independent of spin 
speed against those that increase with speed owing to cen¬ 
trifugal distortion of the sphere. Spin-up is achieved by 
passing helium (He) gas at a pressure of about 20 Torr 
through circumferential channels around the rotor,21 after 
which the housing is pumped down to its normal operating 
pressure of 10“!^ Torr. A differential pumping scheme 
(Fig. 2) keeps the pressure in the electrode area during 
spin-up below 10~3 Torr, reducing drag forces and pre¬ 
venting electrical breakdown. The spin-up time is about 
20 min; the characteristic spin-down time during gyro 
operations at 2 K and 10" 1^ Torr is 3,000 yr. A crucial 
issue of design is to eliminate residual torque from the 
spin system during normal gyro operations. Let T s be the 
spin torque, which is of course parallel to the spin axis 
and ask how large its residual component T r , perpendicular 
to the spin axis, may be, Let t s be the spin-up time. 

Then, since f s = Iw s and ft = r r /Iw s , the constraint on 
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r r is 


(r r /r s ) < Qo t s (3) 

or about 10 “ 14 The 11 orders-of-magnitude change in 
pressure between spin-up and final operation, combined 
with an averaging of T r produced by rolling the space¬ 
craft about a line parallel to the gyro spin axis, gives the 
necessary torque switching. 

The gyroscope's direction of spin has to be read out 
to better than 1 marc-s. Figure 3 illustrates the principle 
of the gyro readout. 22 According to the London equations 
of superconductivity, a spinning superconductor develops a 
magnetic moment, the London moment, aligned with the 
instantaneous axis of spin, whose magnitude for a sphere 
of radius r rotating with angular velocity w s is 

ML = l/2(mc/e)r3 w s G - cm^ (4) 

where (mc/e) is the mass-to-charge ratio for the electron 
in electromagnetic units. For a 38-mm diam rotor spinning 
at 170 Hz, the London moment is 3.83 x 10“4 G - cm4 
To measure the direction of spin, the rotor is surrounded 
by a flat uniform loop of superconductor connected to a 
Superconducting Quantum Interference Device (SQUID) 
magnetometer. In general, three orthogonal loops are 
needed for a complete readout system, but in the rolling 
spacecraft a single loop with its plane parallel to the axis 
of roll suffices, provided other information is available (as 
it is) to determine the gyro scale factor and the roll phase 
angle. Measurements with a commercially available SQUID 
on a periodic signal at satellite roll rate have given a 



Fig. 3 London moment readout of superconducting gyroscope. 
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resolution of 10“f^ G in 140 hr, corresponding to an angu¬ 
lar readout resolution of 0.7 marc-s. 

The London moment readout has four vital merits: 1) 
it can be applied to measure the direction of spin of an 
ideally round and homogeneous rotor, 2) it has adequate 
angular resolution, 3) it is sensitive only in second order 
to the centering of the rotor in the readout loop, and 4) 
the reaction torque it exerts on the rotor is negligible. 

Figure 4 illustrates the flight apparatus. Four gyro¬ 
scopes and a reference telescope, formed into a single 
fused quartz assembly of 8-in. diam and a length of 2 ft 8 
in., are mounted in a superfluid He Dewar and maintained 
at a common temperature of 1.8 K for the 2-year lifetime of 
the experiment. The gyrdscopes are aligned with their 
spin axes parallel to the boresight of the telescope, two 
spinning clockwise and two counterclockwise. The space¬ 
craft rolls about the line of sight to the guide star for a 
10 -min period, the roll phase being determined by means of 
separate roll-reference gyroscopes and a star blipper (a 
transversely mounted telescope that picks up a signal once 
each revolution from a bright star approximately 90° from 
Rigel or the celestial sphere). The gyroscope precessions 
are found by subtracting the gyro outputs from the output 
of the telescope (which has to be pointed within its +60 
marc-s range) and combining the difference signal with 
roll phase information. Because the satellite is in polar 
orbit and the orbit plan is chosen to coincide very nearly 
with the line of sight to the star, the star is in sight for 



Fig. 4 Assembled gyro instrument: four gyroscopes, telescope, 
and drag-free proof ,mass operating at 1.8 K in a 2-year lifetime 
superfluid He Dewar. 
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only about 60% of each orbit. Torque for pointing the 
spacecraft is obtained from the He boil-off gas from the 
Dewar, vented through proportional thrusters,23-23b w jth 
control signals taken from the telescope when the star is 
in sight and from the gyroscopes when it is occulted. The 
same thrusters referred to a drag-free proof mass also 
provide translational control of the spacecraft. 

Submilliarc-second precision from the telescope also 
hinges on space operation for two reasons: microgravity 
and "seeing.” Recall that to get below 1 marc-s/yr over¬ 
all, individual error sources should contribute less than 0.1 
marc-s apiece. On Earth, a telescope, cantilevered hori¬ 
zontally, of the size shown in Fig. 4 would sag under its 
own weight by about 0.2 arc-s, three orders of magnitude 
more than the budgeted amount. Although static sag might 
not matter, long-term drifts from creep would. In space, 
with a rolling spacecraft, the effects of sag and creep are 
utterly negligible. Seeing limitations due to atmospheric 
turbulence, which on Earth is typically 0.1 to 3 arc-s (and 
thus again three to four orders of magnitude beyond 
budget) are likewise eliminated in space. One potentially 
serious source of error not removed by space is thermal 
distortion, but in our apparatus that is eliminated by 
working at cryogenic temperatures, where temperature 
control is easy and coefficients of expansion vanishingly 
small. 

The line of sight to the star is not an absolute direc¬ 
tion in space. It shifts about for four reasons: 1) aber¬ 
ration, 2) parallax, 3) relativistic deflection of starlight by 
the sun, and 4) proper motion. Proper motion is a 
nuisance, causing errors that must be eliminated; the other 
three are intriguing effects that enrich the experiment. 

The current uncertainty in proper motion of the cho¬ 
sen guide star, Rigel, is believed to be 0.9 marc-s/yr in 
declination and 1.7 marc-s/yr in right ascension.24 Sur¬ 
prisingly, these turn out to be the dominant errors in the 
experiment, affecting, respectively, the measurements of 
Rq and Ultimately, proper motion should be no con¬ 

cern because, as data improve, the results can be retro¬ 
actively corrected. The present best hope for improvement 
is through data from the European astrometric satellite 
HIPPARCOS, scheduled for launch in 1988. Other more 
specialized techniques also may be tried. 

Aberration, being determined by the ratio v/c, where 
v is the velocity of the telescope across the line of sight 
and c is the velocity of light, provides signals of known 
amplitude at annual and orbital period, helpful (indeed 
essential) in calibrating the scale factor of the experi- 
ment. zo Over the course of a year, the relativistic deflec- 
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tion of starlight by the sun traces the curve shown in Fig. 
5,26 w hich, having a signature different from those of 
gyroscope precessions, proper motion, or aberration, can 
be separated from them in data reduction. Thus, the ex¬ 
periment gives a new measure of light deflection, good to 
about 1% and thus comparable with the VLBI result. 

Rigel is about 100 parsec from the solar system, a 
distance known from Earth-based parallax measurements to 
about 25%. The parallax appears as a phase shift on the 
annual aberration; in the gyroscope experiment it can be 
determined to about 1%.27 Thus a byproduct of the 
experiment is a much improved measurement of the 
distance to Rigel. 

The requirement on translational control of the space¬ 
craft, already noted, is 100 pg. More will be said on the 
meaning of this figure in a later section. 

The Equivalence Principle Experiment: 

Pico gravity and Galileo 

The word "principle," as used by physicists, means a 
dogma that is believed but not understood. Mach's prin¬ 
ciple, relating local inertia to the large-scale structure of 
the universe, is one such principle; one other is the 
equivalence of gravitational and inertial mass, first tested 
by Galileo, first recognized for what it was by Newton, and 
first elevated to the status of a principle by Einstein. 



(MILUARCSEC) 

0EVIATI0N OF STARLIGHT IN THE PLANE (E,N) 

Fig. 5 Signature of realitivistic deflection of starlight by the sun 
as observed in the gyroscope experiment. 
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The experimental fact is the universality of free fall: 
all bodies, whatever their composition, fall in vacuo with 
the same acceleration. Universal free fall has now been 
verified with great precision, the most trustworthy mea¬ 
surements being those of Roll, Krotkov, and Dicke, who 
found agreement for gold and aluminum test masses to 
within 3 parts in lO^L Consider the significance of the 
observation in a Newtonian context. Newton proposed two 
formulas: the law of motion, F = ma, and the law of gravi¬ 
tation, F = GMm/r^. The mass, m, has two distinct mean¬ 
ings in the two formulas, one as the receptacle of inertia, 
the other as the source and receptacle of gravitation; yet 
somehow the two are identical. Stated another way, if 
mj and mg are respectively inertial and gravitational mass, 
then for any two bodies A and B, regardless of what 
substance they are, the quantity 

ri = 2 [(nq/rngJA - (mi/mgJBl/Kmi/mgJA + (114/11^)3] ( 5 ) 

appears to be identically zero. It was just this identity 
that Einstein denominated a principle (weak equivalence) 
and extended (strong equivalence) to all the laws of phys¬ 
ics in accelerated frames, whether the acceleration is iner¬ 
tial or gravitational in origin. Strong equivalence is the 
basis on which it becomes possible in general relativity to 
represent gravitation by a curvature of spacetime. 

Contrary to what is sometimes thought, however, general 
relativity does not explain equivalence. The principle is 
an assumption that, once made, allows the effects of grav¬ 
ity to be represented thus. The phenomenon remains a 
mystery and still needs testing. 

Despite the amazing precision of Roll, Krotkov, and 
Dicke's result, questions remain. The stability of the pro¬ 
ton, for example, may, as Yang and Lee saw many years 
ago.-M be attributable to a new long-range force coupled to 
atomic number. This hypothesis, if true, would at some 
level violate equivalence. 

Three approaches to testing equivalence have been 
tried over the centuries. Galileo dropped bodies of dif¬ 
ferent materials from the Leaning Tower of Pisa^; Newton 
compared the periods of two pendulums of equal length 
with different bobs^ 0 ; and Eotvos looked for disturbances 
on a torsion balance with different masses at the two 
ends. 31 Of the three methods, Eotvos' has proved the 
best. It requires the masses to be subjected simulta¬ 
neously to opposed centrifugal and gravitational accelera¬ 
tions. For centrifugal acceleration, Eotvos used the 
rotation of Earth, which produces at latitude lambda a com¬ 
ponent parallel to Earth's surface of magnitude 1.4 sin 2X 
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cm/s^. This deflects the torsion fiber from the vertical 
until balanced by an equal and opposite component of 
Earth’s gravitational attraction. Suppose the arm joining 
the two masses is initially aligned east to west. If equiva¬ 
lence holds, the two components of acceleration on each 
mass will exactly balance; if it does not hold, there will be 
a torque, and the arm will turn through a small angle 8 
proportional to the ratio ri divided by the torsional 
constant of the fiber. Now let the torsion head be turned 
through 180°. The arm also will turn, but with the two 
masses interchanged, the deflection will be in the opposite 
direction and the total rotation will be (180° - 26). 

Eotvos and his colleagues succeeded in checking 
equivalence to a few parts in 10® but were limited by dif¬ 
ficulties with elastic hysteresis in the torsion fiber. 
Accordingly Dicke, 2 when he revived the experiment in the 
1950s, chose a different method based on comparing effects 
from the gravitational attraction of the sun balanced 
against the acceleration from Earth's orbital motion about 
the sun. Earth's rotation made the torsion arm turn con¬ 
tinuously with respect to the Earth-sun line; the experi¬ 
ment consisted of looking for a 24-hr variation in the 
orientation of the balance with respect to a line fixed on 
Earth. The driving acceleration was less than that in 
Eotvos' experiment (0.6 cm/s® instead of 1.3 cm/s®), and 
the daily changes in temperature, atmospheric pressure, 
and the locations of human beings with respect to the 
apparatus introduced disturbances with a 24-hr period. 
However, the problem of elastic hysteresis was expunged. 
After 7 years of brilliant, arduous work, Dicke and his 
colleagues set the 3 parts in 10H limit on equivalence. 

Space offers the chance of an improved test of 
equivalence for two reasons. First, an experiment can be 
devised that compares effects from the gravitational 
attraction of Earth and the centrifugal acceleration from 
orbital motion around it, and these, being 820 cm/s® in a 
650-km orbit, are three orders of magnitude larger than 
the accelerations used by Eotvos and Dicke. Second, 
whereas Earth-based experiments are limited in practice by 
seismic noise, in space there is the opportunity in the 
right circumstances for a quieter environment. Ultimately, 
an orbital experiment determining i) to 1 part in 10^ or 
1018 seems possible—six to seven orders of magnitude 
beyond the Roll-Krotkov-Dicke limit. 

Far and away the best method of testing equivalence 
on Earth has been with the torsion balance. Roll, Krotkov, 
and Dicke's experiment reached a precision five orders of 
magnitude higher than the best pendulum experiment.®® 
Given this, one might expect the right approach for space 
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to be to orbit a torsion balance around Earth. Not so. In 
space, a new factor comes into play: gravity gradient 
disturbance. A broad study of the options finally leads 
the experiment concept full circle back to Galileo and 
freely falling bodies. 

Figure 6 illustrates the scheme for an orbited equiva¬ 
lence principle experiment devised some years ago by P.W. 
Worden, Jr. and the author. 14,33 Different suggestions 
were made earlier by Pugh^4 and by Chapman and 
Hanson. 35 In the orbital equivalence principle experiment, 
two bodies, a rod and a cylinder of different materials, are 
floated concentrically in an evacuated space within a drag- 
free satellite (not shown in Fig. 6), with the inner body 
serving as the drag-free proof mass. The masses are 
constrained from lateral motion but are free to move along 
their common axis. The satellite follows a circular orbit, 
preferably polar, and is held oriented in a fixed direction 
in inertial space, with the common axis of the two masses 
lying in the orbit plane. Any violation of equivalence will 
cause a periodic differential acceleration between the two 
masses at orbital frequency. Instead of falling 179 ft from 
the Leaning Tower, they have been dropped on a repeating 
cycle all the way around Earth. The experiment needs a 
method of restraining the masses laterally, a method of 
keeping them centered longitudinally, and a method of 
reading out the differential acceleration. 

As with the gyroscope experiment, cryogenic tech¬ 
niques are a great aid. Low-temperature operation reduces 
disturbances on the masses from radiation pressure and 
certain effects of residual gas in the cavity. It also allows 
use of superconducting techniques in the suspension, mag¬ 
netic shielding, and position readout of the masses. Figure 
7 illustrates a test mass assembly, adapted to a ground- 
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based experiment but very similar to what would be flown 
in space. The masses, which are either superconductors 
or coated with superconductor, are supported in two inde¬ 
pendent bearings, each in the form of a cradle or sheath 
made up of superconducting niobium wires stretched 
tightly parallel to the cylinder axis, with currents flowing 
in opposite directions in adjacent wires to provide very 
stiff lateral support but negligible restraint for motions 
along the cylinder axis. 

Figure 8 illustrates the principle of the circuit used 
for measuring motions of one or other of the two masses 
with respect to the spacecraft (or laboratory apparatus in 



Fig. 7 Proof-mass test assembly for ground-based version of 
equivalence principle experiment. 



Fig. 8 Principle of position detector for measuring displacement 
of proof mass with respect to the satellite. 
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a ground-based experiment). Facing opposite ends of the 
mass are two equal inductances, L 0 ,L 0 . As long as the 
mass stays centered, no current will flow in L 2 , but if it is 
displaced through a distance +Ax, L 0 will increase and L 0 ' 
decrease, making a current I 2 proportional to (I Ax) flow 
in L 2 , where it can be detected by the SQUID. The 
SQUID output controls a servo to keep the mass centered. 
In a ground-based experiment, centering is done by the 
tilt coils shown in Fig. 8. In space, the centering forces 
are applied at the ends of the mass. 

The experiment compares the control accelerations 
needed to keep the two masses centered. For proper com¬ 
parison, both the control gains and the free periods of the 
masses parallel to their common axis must be simulta¬ 
neously matched. An ingenious superconducting circuit 
devised by P.W. Worden, Jr.,33 partly on the basis of a 
suggestion by H.J. Paik, provides the necessary matching 
functions and subtracts the two control currents to give 
an output directly proportional to any differential acce¬ 
leration between the masses. 

Why abandon the torsion balance? Gravity gradients , 
are the decisive factor. They affect the experiment in two 
ways: the disturbance from Earth and disturbances from 
motions of the satellite. Consider a torsion balance in 
which the test object is made up of two masses (m/2 each) 
in the form of semicircular rings of diameter D. Let the 
ring as a whole have a residual quadrupole mass moment 
(J 2 I), where J 2 is the quadrupole coefficient and I is the 
moment of inertia on D^. Let the central body (the sun or 
Earth), from which is taken the driving acceleration to test 
equivalence, have mass M and be at a distance R. Denote 
the torque on the balance from a mismatch rt in equivalence 
by and the gravity gradient torque by r ge . Then very 
nearly 


( r gg/ r E) ~ ( J 2 D/n R) (6) 

Exchanging the sun for Earth as source reduces R by 
a factor of 2 x 104 Along with the three orders-of- 
magnitude improvement in driving acceleration comes an 
increase in the disturbance acceleration by seven orders of 
magnitude in absolute value and four orders of magnitude 
in relative value. And the more precisely one is trying to 
measure n, the more significant is the disturbance. In a 
measurement of n to 1 part in 1(41 on Earth, gravity gra¬ 
dient torques are of little importance. In an orbital exper¬ 
iment at 1 part in 1(4^, they are overwhelming. The same 
is true for gravity gradient noise from motions of the 
spacecraft. 
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In the free-fall experiment, gravity gradient distur¬ 
bances are also a major issue, but something can be done 
about them. The requirement is that the centers of mass 
of the two test bodies should coincide. Assume (an over¬ 
simplification) that the only error comes from a displace¬ 
ment 6r between the two masses along their common' axis. 
In circular orbit, this results in a constant acceleration, 
which may be ignored, and a periodic differential accelera¬ 
tion 6fgg at twice orbital rate and of amplitude 3GM 
6r/2R 3 or 2 x 10“ 3 6r g. To keep fifgg below the ampli¬ 
tude of the acceleration from a violation of equivalence at 
the 1017 level, the average distance between the two mass 
centers should not exceed 1 A. 

At first glance, such precision of centering would 
seem beyond reach. Even with the most careful choice of 
materials, inhomogeneities will make for a displacement of 
100 A or more between the mass center of a test body and 
its geometrical center. Brownian motion will cause random 
fluctuations in the positions of each test mass of rms 
amplitude 0.1 T A, where T is the natural period along the 
free axis. In reality two factors, or rather two aspects of 
a single factor, combine to make the centering issue trac¬ 
table. 

First, whereas the gravity gradient disturbance Sfgg 
is doubly periodic in the orbit, the Eotvos signal we are 
trying to measure is singly periodic. Because the doubly 
periodic term can be removed from the output in data 
reduction, the true limit is set by something else, namely 
the existence in an elliptic orbit of a singly periodic sub¬ 
harmonic of 6fgg. The amplitude of the subharmonic is of 
order e 6fgg, where e is the eccentricity; hence, with an e 
of 10 -3 the centering requirement may be relaxed to 1000 
A. Second, the doubly periodic term in the output provi¬ 
des a reference signal that may be used in a slow servo 
loop for adjusting the mean position of one test mass and 
forcing the two mass centers to coincide. 

A like requirement of 1000 A on mass centering comes 
from gravity gradient disturbances due to motions of the 
spacecraft. In addition, gradients from Earth and the 
spacecraft impose limits on the shape and size of the test 
masses. In a field gradient, center of mass and center of 
gravity only coincide for isoinertial bodies and then only 
approximately so, unless the body is a homogeneous 
sphere. 33 For a tube of length 2 Z, mean radius a. and 
wall thickness 2t, the requirement is Jt 3 = (3/2) (a^ + t^); 
that is, the ratio of length to diameter should be a little 
greater than 6:5. Second-order termis set a limit on size 
for the outer body. 
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The demands on drag-free control for the equivalence 
principle experiment are even more stringent than for the 
gyroscope experiment. They arise partly from the need to 
guard the test masses from disturbance and partly from 
measurement considerations. To determine ri to 1 part in 
1017 a driving acceleration of 1 g, the differential 

acceleration has to be measured to 10 -3 ' g. If the sub¬ 
traction circuit is good to 1 part in 10® or 10®, the drag- 
free performance needs to be 1-10 pg. The constraint 
from disturbances lies in the same range. 


The Twin Satellite Experiment 

A satellite in orbit around a massive body such as 
Earth may be regarded as a gyroscope. In 1918, many 
years before Schiff and Pugh had thought of the orbiting 
gyroscope experiment, W. Lense and H. Thirring 3 ^ 
calculated the effect of relativistic frame dragging on a 
satellite in orbit around a rotating central body. The rate 
of advance of the right ascension of the ascending node is 

®LT (2 G J/c 2 a 3 (l - e 2 )3/2) (7) 

where f is the angular momentum of the central body and 
a and e are the semimajor axis and eccentricity of the 
orbit. (There is a regrettable but almost unavoidable 
clash of notation between the use of ft to represent pre¬ 
cession rate for a gyroscope and its use to represent 
nodal angle for a satellite orbit. Hence, geodetic pre¬ 
cession is represented by Sq above and by Wq in this 
section.) Note that is independent of the orbit incli¬ 

nation, though it becomes pathological in an equatorial 
orbit. The value for a 650-km orbit around Earth is 0.18 
arc-s/yr, exactly four times the Schiff precession for an 
orbiting gyroscope in a polar orbit of the same altitude. 

In addition to ftp/p th ere are effects, independent of orbit 
altitude, from the solar geodetic precession, which causes a 
nodal advance Rq of 17.2 marc-s/yr and a rotation di/dt in 
inclination angle of 6.8 marc-s/yr. ^ 

Some years ago it occurred to R.A. Van Patten that 
with a drag-free satellite in polar orbit, the orbit plane 
might be stable enough to allow a measurement of (ftp/p + 
Hq). Disregard gravitational perturbations for the moment 
and consider the limit on nongravitational disturbances 
such as air drag, solar radiation pressure, and interactions 
with Earth's magnetic field. For a satellite experiencing a 
cross-track acceleration f, the instantaneous rotation of the 
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orbit line is ft = f/v, where v is the .orbital velocity. So to 
reach a precision R 0 in determining Alt* the upper limit on 
f averaged around the orbit is 

f < fi D V (8) 

Since Alt drops off as a® and v as a^/2, the limit f 
scales.with the semimajor. axis of the orbit as a“?/2. To 
make less than 1% of Qlt i* 1 a 650-km orbit, the average 
cross-track acceleration must be less than 0.2 pg. In the 
12,238-km-radiuS orbit of the Laser Geophysical Satellite 
(LAGEOS), the limit would be 0.018 pg. 

With a drag-free satellite controlled like DISCOS to 5 
pg, one may reasonably expect the cross-track acceleration 
on orbit to average less than 0.2 pg. What of gravitational 
perturbations? They are from two sources, the figure of 
Earth and lunisolar effects, with the latter including both 
direct actions of the sun and moon on the satellite orbit 
and indirect effects from Earth tides and ocean tides. The 
direct problem lies in calculating the nonrelativistic regres¬ 
sion J2 q due to Earth's quadrupole mass moment, J 2 , which 
has magnitude 3/2 w 0 J 2 [R e /a(l - e2j2 CO s i, where R e is 
the mean radius of Earth, and i and w 0 are the inclination 
and mean motion of the orbit. The quantity R e is well 
known, and w D , a, and e can be determined with great pre¬ 
cision for any given satellite from tracking data, but 
appreciable uncertainties exist in J 2 and cos i. To deter¬ 
mine the error AJIq after time t, one first differences with 
respect to J 2 and 1 , and then integrates with respect to 
time to aUow for the variations in i that arise from geo¬ 
physical and lunisolar perturbations. Substituting coincli¬ 
nation i = (tt/ 2 - i), 

AJ2q = K J 2 /* [( A< ^ ) sin i' + cos i' Ai'] dt (9) 

o J2 

where K condenses 3 w 0 [R e /a(l - e2)]/2. Currently, J 2 is 
known to a few parts in 10®. The uncertainty in Ai 
depends on 1) uncertainty in position of Earth's pole with 
respect to inertial space and 2) uncertainties in tracking 
the satellite. From LAGEOS data, the uncertainty in the 
pole appears to be a few milliarc-second. Tracking uncer¬ 
tainty depends on technique. For a laser-tracked satellite, 
the long-term average appears to be a few milliarc-second; 
for one with conventional Doppler radar tracking it is 
nearer 30 marc-s. Detailed investigation shows that the 
uncertainty in AQq from AJ 2 can be made manageable by 
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MONTHS 

Fig. 9 Extraction of relativity data from twin satellite measure¬ 
ments: a) variations over time of lateral distance between 
satellites as they pass over the poles; b) relativity data obtained 
from difference between observed nodal precession and the 
classical precession calculated from polar measurements. 


selecting the proper orbit node and by trimming the orbit 
initially to witjhin 100 arc-s of the pole, but that the 
uncertainty Ai causes errors of about 6flLT for a Doppler- 
tracked satellite and about 0.452j/p for a laser-tracked 
satellite. 

A solution, proposed by Van Patten and the 
author,^® was t 0 ma ke use of two counter-orbiting drag- 
free satellites in polar orbits, initially adjusted by in-flight 
corrections to be very nearly equal and opposite. The 
satellites would be timed to pass each other nearly over 
the north and south poles but planned in such a way that 
collisions are avoided. At each polar passing, the slant 
range distance between the two spacecraft would be 
measured by satellite-to-satellite Doppler ranging, good to 
about 1 cm; whereas at lower latitudes, conventional 
ground-based Doppler tracking would be applied to deter¬ 
mine the nodal regression rates with respect to Earth— 
data that could be combined with universal time (UTI) data 
to give nodal regressions with respect to inertial space. 

The satellite-to-satellite ranging dat^ fixes the angle 
2a, the sum of the coinclinations (ij + 12 ) of the two 





Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, WxU'i fmw laSimpaw Wmfy Purchased from American Institute of Aeronautics and Astronautics 

108 C.W.F. EVERITT 


orbits. The instantaneous sum of the regression rates and 
and arising from the geophysical perturbations is 

given by 


[fiQl + 8 q 2 ]calc = 2K J 2 a (10) 

independent of the uncertainty in position of either 
satellite with respect to the poles. The lunisolar pertur¬ 
bations similarly have equal and opposite effects on the 
two satellites; on the other hand, the relativity effects 
(Alt + fiG) make both sateUites precess in the same direc¬ 
tion. Writing fij meas an< i &2 meas f° r the observed nodal 
advances of the two satellites (as tracked from ground 
stations), we get for the sum of the two relativistic pre¬ 
cessions after time t 


2 ( n LT + fi G) = meas + 9.2 

meas 2K J 2 f a 


dt 


( 11 ) 


The form of data to be expected is shown in Fig. 9a) 
and b), with a) being the structure of lunisolar and geo¬ 
physical perturbations in the satellite-to-satellite ranging 
information and b) the sum of the nodal motions. To avert 
catharsis in the shape of a head-on collision between the 
two spacecraft, a slight correction has to be made to one 
or other of the orbits every few months. This can be 
done easily without loss of relativity data. 

A detailed error analysis suggests that in 2-1/2 
years, the errors from geophysical perturbations can prob¬ 
ably be reduced to 1%. The chief difficulty, apart from 
the elaborate data reduction process, is the uncertainty in 
UTI, which may put a limit of about 5% on the ultimate 
precision of the experiment. 

Recently, I. Ciufolini^ has suggested a variant on 
the twin satellite experiment related to the LAGEOS pro¬ 
gram. LAGEOS has an orbit of radius 12,220 km and an 
inclination of 109.1°. Currently, NASA and the Italian 
space organization are developing LAGEOS II, scheduled 
for launch in 1989 into an orbit of similar radius but with 
a 55° inclination. At LAGEOS' altitude, J2 lt I s reduced by 
a factor of 5 to 37.2 marc-s/yr, whereas remains the 
same. Cuifolini's idea is to change the inclination of 
LAGEOS II to 70.9° so that the ascending nodes of the two 
satellites move at approximately equal rates in opposite 
directions. The Newtonian regression rates +J2q are 
+0.34°/day, or 4.5 x 10® marc-s/yr. To extract relativity 
data to 10%. the two signals have to be differenced to 1 
part in 10.® 

The motivation for using two satellites in Ciufolini's 
proposal is slightly different from that in the proposal by 
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Van Patten and the author. As Eq. (9) shows, there are 
in general two sources of error in AAq, the uncertainty 
AJ 2 in knowledge of Earth's quadrupole moment and the 
uncertainty Ai in measuring the orbit inclination. The 
idea here was to make the effect of AJ 2 negligible by 
placing the satellites in near-polar orbits and to use coun¬ 
terorbiting to get rid of Ai. In orbits with coinclinations 
of +19 deg, two things are different. First, in differencing 
two signals to 1 part in 10®, one can no longer neglect the 
uncertainty of t a few p^irts in 10® in J 2 . Second, the un¬ 
certainties Aij and can no longer be subtracted, 
because with large regression rates there will be periods 
when the ascepding nobles of the two orbits are at right 
angles and Aij and Ai 2 are uncorrelated. The plan must 
be to use counterorbiting to get rid of the J 2 error and 
take what one must in inclination error. The hope is that 
with laser tracking the uncertainty in Ai' is less than with 
conventional Doppler tracking. LAGEOS has one advantage 
from its large orbit radius, namely that the relative 
significance of the higher order geophysical perturbations 
is reduced because they scale as a - t n ®/2), where n is the 
order of the harmonic. 

The discussion hinges on technical issues in the 
reduction of LAGEOS data. Currently, the claimed rms 
uncertainty in measurement of the pole from LAGEOS I 
data over a 7-year span is +2 marc-s,^® which, if true, 
would contribute an error of +35% to the overall uncer¬ 
tainty in Alt- Other rather drastic uncertainties manifest 
themselves in the disagreement between the long-term 
measurements of UTI from LAGEOS and VLBI data4^ With 
LAGEOS, altitude air drag is of little significance. How¬ 
ever, because solar radiation pressure puts an acceleration 
of 5 x 10~l°g on LAGEOS, the cross-track averaging must 
be good to 1 part in 3,000 to reduce the error it contrib¬ 
utes to 10% of Qjyp—without benefit of drag-free control. 

In summary, the twin satellite experiment, in which¬ 
ever form, places an even stricter requirement on drag 
performance than either the gyroscope or equivalence 
principle experiments. 

Considerations About Drag-Free Performance and 
a Flying Drop Tower 

The three experiments just described, and others to 
be mentioned later, all require accelerations constrained to 
the picogravity range. This constraint might seem to 
preclude use of the shuttle or space station in gravita¬ 
tional physics. Actually it does not. Several schemes 
exist for operating experiments in a quasi-drag-free mode. 
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One is to enclose the experiment package in a cage with a 
clearance of about 1 ft and use it as a drag-free reference 
body for the surrounding vehicle. The other is the 
"flying drop tower." 

The idea of the drop tower, as presently con¬ 
ceived,^® is to convert one of the shuttle main tanks into a 
space station free flyer. The interior dimensions of the 
tank are 97 ft in length and 27.6 ft in diameter. 

Evacuated and oriented with its long axis tangential to the 
orbit, it can provide a shielded region within which exper¬ 
imental packages can be "dropped." Air drag depends on 
orbit altitude but may be as low as 0.1 microgravity (jig), 
whereas the self-gravitational attraction of the tank on 
packages within it is of order 1 ng. Orbital dynamics 
calculations, taking both drag and self-gravitation into 
account, show that a package started at the forward end 
of the tank traces a path aftwards combining the parabola 
of fall and an ellipse of 10.6 ft by 5.3 ft, with major axis 
tangent to the orbit. The time of fall is about 1 h. 

At 1 ng, the self-gravitation of the drop tower still 
seems too large for gravitational-experiment purposes. In 
reality the vista is not so bleak; before discussing why, 
one needs to examine the limitations on ordinary drag-free 
systems, illustrated by example from the gyroscope and 
equivalence principle experiments. These limitations are of 
three kinds: 1) limitations on long-term average drag, 2) 
noise accelerations, and 3) accelerations on an object 
within the spacecraft whose mass center does not coincide 
with the drag-free proof mass. 

The practical limit on long-term average drag is set 
by self-gravitation from the spacecraft, as B.O. Lange 
proved many years ago. 42,43 With DISCOS, the level was 5 
pg, and drastic measures were needed to get that low. 

The power and telemetry modules for the spacecraft were 
mounted on extensible arms so that on orbit they could be 
put far from the proof mass. The control gas was stored 
in a pair of toroidal tanks arranged like Helmholtz coils 
symmetricaUy on opposite sides of the proof mass and kept 
at equal pressure to eliminate bias from the gravitational 
attraction of the gas. Much trouble developed from the 
design requirements of the position detector for the proof 
mass. The readout was based on capacitance measurements 
between the proof mass and three mutually perpendicular 
pairs of electrodes in a ceramic housing. The housing 
attracted the mass and so had to be made symmetrical and 
of very homogeneous material. Other features of the 
design made for a rather large gap (7 mm) and hence for 
capacitances that were small (0.6 picofarads [pF]) and 
hard to measure, requiring the presence of circuit elements 
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close in. These in turn were a source of gravitational 
bias. Not only did the attraction of each element (and 
other nearby bodies) on the proof mass have to be com¬ 
puted individually, but it was necessary also to take into 
account their quadrupole mass moments, and in one in¬ 
stance the next higher mass moment.^ The overall bias 
was compensated out by installing a carefully shaped com¬ 
pensating mass. 

Only two methods appear to be available for improv¬ 
ing on the 5-pg drag-free performance of DISCOS. One is 
to adopt a different kind of position readout—optical, for 
example—that would allow for an increase in distance be¬ 
tween the proof mass and the space in which it is con¬ 
tained. The other is to spin the spacecraft so that the 
bias from self-gravitation is averaged out—in one plane at 
least. Both approaches have been studied. In the gyro¬ 
scope experiment the spacecraft does roll about the line of 
sight; more is said below about the effectiveness of the 
cross-roll averaging of the biases. A two-axis ground- 
based simulator of a drag-free controller with large cavity 
and optical pickoff has been built and tested at 
Stanford^®; but systems of this kind have yet to be flown. 
The flying drop tower, if it were converted to a drag-free 
system, would preeminently have a large cavity; however, a 
concerted design effort would be needed to establish a 
region of low acceleration near the center of mass of the 
tank. 

Only one point in any drag-free satellite is even nom¬ 
inally free of acceleration: the center of the proof mass. 

In a nonrolling spacecraft, all other points are subject to 
accelerations from Earth's gravity gradient, whereas in a 
rolling spacecraft, any point not exactly on the roll axis 
experiences a centrifugal acceleration. 

Consider gravity gradient effects first. Resolve the 
total displacement £ of point P from the proof mass O into 
two components ip and respectively, in and at right 
angles to the orbit plane. For simplicity, assume a circular 
orbit of radius R. The normal displacement i n will result 
in a constant acceleration g£ n /R towards the orbit plane; 
so, for example, if £ n is 20 cm and R is 7 x 10® cm 
(630-km altitude), the acceleration is 30 ng. The parallel 
displacement ip will produce an acceleration fp having two 
components: a steady term fp S along Itp of magnitude g 
£p/2R plus a cyclic term fpc of fixed magnitude 3 g £p/2R 
rotating at twice orbital frequency in a plane parallel to 
the orbit plane. With an £p of 20 cm and an orbit radius 
of 7 x 10® cm, the terms fp S and fp C have magnitudes 15 
ng and 45 ng. The accelerations fps> *n and fp C in the 
examples just given are, respectively, 3,000, 6,(TOO, and 
9,000 times the DISCOS limit of 5 pg. 
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Consider next the situation in the gyroscope experi¬ 
ment with its nominal drag-free requirement of 100 pg. 

The four gyroscopes are in line ahead on the boresight of 
the telescope at distances 20-45 cm from the proof mass. 
The orbit plane is chosen to be close to the line of sight, 
so £ n is small (though not quite negligible—for the gyro¬ 
scope at 45 cm in an orbit regressing 2°/yr from initially 
perfect alignment, the value of £ n at the end of the year 
is 1.5 cm), but Up is very large. What is the point of 
drag-free control at 100 pg, when the gyroscopes experi¬ 
ence constant accelerations 140 to 315 times that limit and 
cyclic accelerations three times as large again? The 
answer lies in the configuration of the gyroscopes. Their 
spin axes, being aligned with the boresight, are almost 
exactly parallel to "3Ep. As a result, the constant accelera¬ 
tion fp S , though it may affect the preload voltage for the 
gyro suspension system, does not directly cause any 
appreciable gyro-drift torque. It is the cross-axis accel¬ 
eration that needs to be eliminated, and that is the pur¬ 
pose of the drag-free controller. As for fpc> the cyclic 
acceleration, it does have a cross-axis component, but 
because that is sinusoidal, its effects in the orbit under 
consideration average nearly to zero. 

Similar considerations apply to the centrifugal accel¬ 
eration due to spacecraft roll. Such accelerations are 
surprisingly large; in a spacecraft with a 10-min roll 
period, as in the gyroscope experiment, the acceleration on 
a point y mm from the roll axis is 11 y ng. To reduce it 
to 0.1 ng, the gyroscopes would have to be within 100 pm 
(0.25 mil) of the roll axis. Fortunately, the effects aver¬ 
age to a level roughly determined by the uniformity of the 
roll rate (e.g., 1 part in 10^, or to about y pg). 

The spacecraft roll also helps improve the cross-axis 
performance of the drag-free controller nominally to the 
10“4 uniformity of the roll rate. However, in reality per¬ 
formance probably is not improved this much because of 
effects such as the tidal attraction of Earth on the liquid 
He in the Dewar, which tend to make the mass distribution 
lopsided with respect to inertial space. 

The third limiting factor on drag-free performance is 
acceleration noise. Examples are noise from the position 
detector for a drag-free proof mass and, in the gyroscope 
experiment, pointing noise in the telescope. The accelera¬ 
tions arising from pointing noise are startlingly large. 
Again, they occur because the gyroscopes are not at the 
center of mass of the spacecraft. Let the distance from 
the center of mass (assumed to be nearly coincident with 
the drag-free proof mass) again be ftp, let the bandwidth 
of the pointing servo be w, and let the rms pointing error 
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be t p . Then the acceleration fv will be and with 

Wp ~ 25 rad/s, ip ~ 45 cm and 8p ~ 10 m arc-s, "f\> is 1.4 
pg. When the star is occulted and reference is provided 
by the gyroscopes, f v is even larger. Fortunately, this 
noise acceleration has no effect on gyro drift. A good 
part of it, being above the bandwidth of the gyro suspen¬ 
sion system (4 rad/s), is not even felt by the gyro rotor; 
the rest of the noise acceleration averages. The one point 
to watch is that noise acceleration should not be allowed 
accidentally to switch the gyro suspension to a higher pre¬ 
load level. 

Having seen the nonobvious accelerations that occur 
with conventional drag-free systems, it is instructive to 
return to the flying drop tower with its obvious 1 ng 
self-gravitation. Consider the effect on a free-floating 
equivalence principle experiment. At first blush, the 
experiment would seem to be hopelessly degraded by the 
presence of an acceleration two to three orders of magni¬ 
tude larger than the 1-10 pg limit established above, but 
that is not the case. For the requirement is on the dif ¬ 
ferential acceleration between each test mass and the 
experiment container. Now the gravitational attraction of 
the drop tower acts on both the test mass and the experi¬ 
ment container. Provided the centers of mass coincide and 
there are no appreciable complications from higher order 
mass moments of the experiment container, the two acce¬ 
lerations will be equal. The equivalence principle experi¬ 
ment is saved by the equivalence principle. 

A similar consideration applies to suspension torques 
on a gyroscope mounted in an apparatus inside the flying 
drop tower. If the test object (gyro or proof mass) is 
displaced a distance T from the center of mass of the 
spacecraft, there are, as seen above, differential accelera¬ 
tions from Earth's gravity gradient, but they are governed 
by the same kinds of considerations in the flying drop 
tower as in a regular drag-free system. 

The flying drop tower is a promising concept for 
gravitational physics experiments. Its chief shortcomings 
are optical access to the outside world and the relatively 
short drop time (1 h). Techniques to overcome the latter 
are not hard to find. 

Other Experiments on Gravitation in Space 

Four other proposals for experiments in space de¬ 
signed to investigate gravitational physics phenomena are 
now briefly mentioned. 

The first, Precision Optical Interferometry in Space 
(POINTS), is a proposal by R.M. Reasenberg and 
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1.1. Shapiro46,46a f or a j ar g e orbiting Michelson stellar 
interferometer, with microarc-second resolution, which is 
intended among other things to yield a measurement of the 
deflection of starlight by the sun with sufficient accuracy 
to detect the second-order term in the deflection. Space 
is essential to eliminate seeing limitations. POINTS has 
many applications; the principal challenge in the design 
lies in getting microarc-second stability in the presence of 
thermal distortion and gravity gradient disturbances. 

The next three proposals all require drag-free tech¬ 
nology. One is Starprobe, a solar science spacecraft con¬ 
ceived some years ago,47 intended to follow a trajectory 
leading to a close flyby of the sun, with a 19-h passage 
spent within three to four solar radii. Many uses for 
Starprobe were discussed; in relativity, the plans were to 
determine perihelion precession, the size of the sun's qua¬ 
druple mass moment, and possibly to measure second- 
order redshift by means of hydrogen-maser clocks mounted 
on the spacecraft. Despite the short period of flyby, the 
perihelion precession is large enough to be measurable to 
fair precision with existing tracking techniques. The 
drag-free requirement is about 1 pg, difficult to achieve 
under the conditions of the experiment, but perhaps 
feasible. The major engineering challenge is to shield the 
payload against the intense heat of the sun. 

An even bolder experiment is the proposal by Bender 
and Faller^S to detect long wavelength gravitational radia¬ 
tion by means of laser interferometry between three remote 
drag-free spacecraft arranged to form the two perpen¬ 
dicular paths of a Michelson interferometer with arms 
10®-km long. The technical challenge of the experiment, 
discussed by Dr. Faller in his accompanying paper, needs 
no emphasis. If the experiment could be done, it would 
rank as one of the most impressive achievements of the 
space age. 

The last experiment, which the author^ conceived 
some years ago, is an attempt at a direct measurement of 
the gravitational spin-spin force. Two concentric masses, 
one spinning clockwise and one counterclockwise, are 
placed in polar orbit around Earth with their spin axes 
parallel to Earth's axis. According to general relativity, 
there should exist a spin-spin force, analogous to the 
attraction or repulsion between magnets, of magnitude 
F = 24 G J e Jj/c 2 R^, where J e is Earth's angular momen¬ 
tum, Jj the angular momentum of either spinning body, and 
R the orbit radius. The force over the pole is a repulsion 
for a body spinning in the same sense as Earth and an 
attraction for one spinning in the opposite sense. Assume 
the two spinning masses are tubes of radii, rj, r 2 , and 
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write the results in terms of their peripheral velocities, vj, 
and V£, and Earth's equatorial velocity v e . Then the acce¬ 
leration fj on body 1 is 

fj = 3.8 (v e vj/c 2 )(R e rj/R^g (12) 

where R e is the Earth's radius. The acceleration f 2 on 
body 2 is in the opposite direction. Assuming vj, V 2 are 
of order 10^ cm/s and rj r 2 are, respectively, 8 cm and 12 
cm, a differential acceleration (fj - f 2 ) is obtained of 
order 10 - 1® g, modulated at orbital frequency. To measure 
(fl - f 2 ) to 1%, one would have to be able to measure dif¬ 
ferential accelerations to 10 -2 1 g, that is, with three to 
four orders-of-magnitude higher precision than the current 
design goal for the equivalence principle experiment. 

The spin-spin experiment is obviously extremely dif¬ 
ficult. It is worth thinking about because it takes the 
investigation of gravitomagnetic phenomena a step beyond 
the measurement of the gravitomagnetic precession in the 
gyroscope experiment. It is the only prospect at present 
for directly testing the spin dependence of such effects. 
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Chapter 3B 


Comments on Gravitation 

James E. Faller* 

National Bureau of Standards and University of Colorado, Boulder, Colorado 


In his chapter, Francis Everitt discusses in detail two 
proposed space-borne gravitational physics experiments. 
The first, which is known as the Eotvos experiment, asks 
whether all materials fall at the same rate in a gravita¬ 
tional field; in other words, it tests the "equivalence” of 
inertial and gravitational mass. The second experiment is 
Gravity Probe B (alias the Stanford Gyro)—an experiment 
designed to look for various gravitational "frame-dragging" 
effects. 

Note that, as Everitt discusses, the apparatus most 
often used for Earth-borne Eotvos experiments has been 
the torsion balance—a vertical "torsion" wire supporting a 
horizontal beam. This type of balance, invented by 
Charles Augustin Coulomb in France (about 1777) and 
developed independently and at about the same time by the 
Rev. John Michell in England, removes gravity as a factor 
in those gravitational, electrostatic, and magnetic experi¬ 
ments in which it was used. By "defining" the horizontal 
plane, and thereby producing a "zero-gravity environ¬ 
ment," it provides the basis to (torsionally) sense very 
weak forces. 

The version of the Eotvos experiment presently being 
developed at Stanford^ is designed for ultimate use in a 
space environment. As Everitt notes, it is a linear, as 
opposed to a torsion, experiment because a linear "balance" 
is less sensitive to the effects of gravity gradients. This 
introduces, however, a distinct tilt sensitivity into the 
present ground-based version. The primary advantages of 
doing this experiment in space are 1) a larger driving 
acceleration (780 cm/s^ at 300 n.mi. alt) rather than 
Earth's free-fall acceleration toward the sun (about 0.6 
cm/s^); and 2) the information appears at a higher fre¬ 
quency (100 min rather than 24 h). Vibration or mechani- 


This paper is declared a work of the U.S. Government and is not 
subject to copyright protection in the United States. 

*Fellow, Joint Institute for Laboratory Astrophysics; Adjunct 
Professor, Department of Physics, University of Colorado. 


121 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



Tk$wMshnmhrtimfemLmltriiii Purchased from American Institute of Aeronautics and Astronautics 


122 J.E. FALLER 

cal disturbances in a free-flying, drag-free satellite are 
potentially less than disturbances on the ground; however, 
this is not true of the shuttle. The shuttle's acceleration 
environment is typically 10 times worse than Earth's sur¬ 
face. Thus, the gain for a (preliminary) shuttle-carried 
space experiment comes not through a low-gravity environ¬ 
ment, but rather (primarily) from the potential three 
orders-of-magnitude greater effect as a result of the 
larger acceleration that exists in orbit. 

The second gravitational physics space experiment 
Everitt discusses is Gravity Probe B.2 (Gravity Probe A 
was the rocket-borne Smithsonian "clock" experiment.) 
Gravity Probe B is designed to test various frame-drag¬ 
ging effects; although simple in concept, its implementation 
requirements are formidable—a fact hinted at by this ex¬ 
periment's 20-year development time. For this experiment, 
the low gravity of space is essential to avoid perturbing 
torques on the gyroscopes. Although a shuttle test can 
serve to verify the overall systems operation, a subsequent 
flight in a drag-free satellite will be required to achieve 
the desired scientific results. 

A few points warrant review. Note what it is that 
space offers to these experiments. To the first (Eotvos) 
experiment, it offers 1) an approximately 1,000 times larger 
potential effect and 2) a somewhat higher frequency for 
any signal. Were this experiment to be free-flown, the 
reduced-vibration environment would also be useful. For 
the second experiment, although there are a number of 
advantages to be gained, the primary one—and the one 
which will be realized only when the apparatus is free- 
flown—is the reduced gravity (and, equivalently, vibra¬ 
tion) environment that would avoid extraneous torques on 
the four frame-drag-sensing gyros. 

In each of these experiments, one is sending a 
"point" apparatus into space to measure or sense some 
particular effect. In some cases, space also can be con¬ 
sidered as contributing part of the apparatus. An example 
of this is the recent suggestion by Ignazio Ciufolini.^ He 
proposes to use the presently orbiting LAGEOS satellite 
with a similar high-altitude satellite—with the appropriate 
orbital parameters—in combination with a laser ranging 
from the Earth to provide another method of looking for 
these two gravitational frame-dragging effects. Here the 
apparatus "size" (two satellites plus monitoring ground 
stations) is of the order of 12,000 km. Although this 
approach is probably only capable of yielding a 10-20% 
accuracy (Gravity Probe B is designed to be an order of 
magnitude more accurate), this highly complementary 
approach could provide a somewhat less accurate verifica- 
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tion of these magnetogravitational effects. What is being 
proposed takes particular advantage of the dramatic 
improvements that have occurred over the past 20 years in 
satellite tracking that uses ground-based laser-ranging 
systems. 

Finally, a brief comment is required on the proposed 
laser heterodyne gravity wave interferometer.^ This pro¬ 
posed experiment, which involves a cluster of three space¬ 
craft placed in nearly circular 1-year Earth-like orbits 
around the sun, would serve to both complement and 
extend in frequency range the ground-based bar and 
interferometer gravity wave systems presently being devel¬ 
oped. Possible baselines for this space-borne Michelson- 
type interferometer range from 10® km to 10® km. Although 
the sources of gravitational waves that can be studied with 
ground-based detection are of major scientific importance, 
there is general agreement that the most valuable astro¬ 
nomical information will ultimately come from studies of 
longer period gravitational waves from events involving 
supermassive black holes or galactic formations. It is 
these events that can be observed only in the seismically 
benign (low-gravity) environment of space. In space, the 

fundamental "microseismic" background results from plane¬ 
tary (gravitational) perturbations and occurs at periods 
(order of 1 year) appropriate to these motions. Carefully 
designed drag-free satellites will be required to shield the 
individual test masses against other perturbations resulting 
from solar radiation, solar wind, and other forces. Earth- 
based gravity wave detectors suffer from a very sharp 
(about 10 Hz) cutoff in sensitivity on the low-frequency 
end of the spectrum due to ground motion and time- 
varying local gravitational disturbances, and these serve to 
limit the frequency window of ground-based observing 
systems. 

In summary, although ground-based experiments in 
gravitational physics can be and still are being done very 
profitably, for some experiments to reach the required sen¬ 
sitivity and/or for others to permit observing in the most 
useful frequency range, space is becoming an increasingly 
necessary arena for the testing of gravitational theories. 
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Opportunity for Academic Research in a Low-Gravity 
Environment: Crystal Growth 

D.H. Matthiesen,* M.J. Wargo.t and A.F. WittJ 
Massachusetts Institute of Technology, Cambridge, Massachusetts 


Introduction 

Progress in advanced and projected solid-state-device 
technology is increasingly dependent on the availability of 
semiconductor crystals with a high and controlled degree 
of chemical and crystalline perfection. Evidence indicates 
that complications related to gravity are largely respon¬ 
sible for the present failure to achieve theoretical perfec¬ 
tion limits in crystals; they are also accountable for the 
gap between theory and experiment and the thus far 
heavy reliance on empirical procedures in crystal growth. 

It is now firmly established that diligent experimen¬ 
tation in a reduced-gravity environment, based on related 
meaningful ground-based research, can significantly 
enhance the scientific framework for crystal growth and 
thus provide for improved capabilities of crystal-growth 
technology. Such activities can, moreover, provide the 
foundation for a rational assessment of the potential of 
industrial space processing activities. The incorporation of 
a microgravity environment into the arsenal of advanced 
research capabilities is no longer a question of principle 
but of time. The scope of related research and develop¬ 
ment activities demands the participation of academic 
institutions and is expected to lead to intensive research 
interaction among academic, industrial, and government 
institutions. 

A comparative analysis was conducted of the effec¬ 
tiveness of a reduced-gravity environment and magnetic 
fields for the stabilization of semiconductor melts during 
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crystal growth. Magnetic fields of up to about 4 
kilo-Gauss (kG) fail to even approach the degree of melt 
stabilization observed in a reduced-gravity environment. 

Crystal Growth and Solid-State Technology 

It is truly a paradox that industrial crystal growth of 
semiconductor systems, the basis for all of solid-state- 
device technology, is still without an adequate scientific 
foundation and, thus, by necessity, conducted on a largely 
empirical basis. The benign neglect afforded crystal 
growth until quite recently can be attributed to three pri¬ 
mary factors. 1) Property requirements of silicon for 
medium- and large-scale device integration were met by 
the established growth procedures; 2) yield affecting 
materials deficiencies can be overcome by the use of epi¬ 
taxy, changes in device architecture, and through built-in 
redundancy of devices; and 3) research efforts aimed at 
quantifying the growth and segregation behavior in 
industrial-scale systems have been of limited success, pri¬ 
marily because of major complications in the heat- and 
mass-transfer characteristics caused by gravity-induced 
convection phenomena. 

Property requirements for silicon became noticeably 
more stringent as wafer diameters increased to exceed 100 
mm and as (with the arrival of very large-scale integrated 
circuitry [VLSI]) the linear device dimensions approached 
the effective dimensions of crystal defects. Growth-related 
deficiencies in bulk silicon today constitute a serious 
problem for the fabrication of field-effect transistors 
(FETs), of charge storage devices, and of focal plane 
arrays, which, for that reason, can as yet only be pro¬ 
duced at very low yield and with severely restricted linear 
dimensions. Of even greater concern is the mounting evi¬ 
dence that the adverse side effects of bulk deficiencies on 
device performance and yield increase with the increasing 
scale of device integration. Furthermore, U.S. industry is 
concerned about foreign competition, which has in recent 
years assumed leadership in the electronic materials sector. 

It is also of interest to consider compound semicon¬ 
ductors. Despite their superior and versatile electronic 
and opto-electronic properties, they have as yet not even 
approached their full potential in device application, 
largely because of an inability to produce them with the 
required degree of crystalline and chemical perfection. 
Experimental evidence strongly suggests that the advance¬ 
ment of compound semiconductor device technology will be 
controlled by advances in growth technology. 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


CRYSTAL GROWTH 127 

The mandatory resort to empiricism for industrial melt 
growth of semiconductors can be attributed to several 
complicating factors that negate the applicability of the 
existing scientific framework. 

o All conventional melt growth configurations for 
electronic and opto-electronic materials require the 
application of thermal gradients across the phase 
boundary; the axial and/or radial components of 
these gradients are destabilizing in 1-g environ¬ 
ment and provide driving forces for free convec¬ 
tion in all fluid phases involved. These driving 
forces increase with the freezing point and the 
physical dimensions of the system, generating 
nonsteady flows in configurations of technological 
interest. Most growth processes are therefore sub¬ 
ject to nonquantifiable, time, and spatially varying 
heat- and mass-transfer conditions, which in 
recent years have been found to be directly or 
indirectly responsible for a vast majority of bulk 
deficiencies in single crystalline electronic 
materials. 

o Melt containment leads to serious adverse side 
effects, including contamination, heterogeneous 
nucleation, changes in heat-transfer charac¬ 
teristics, and the establishment of mechanical 
stresses arising from the interaction between the 
forming solid and the rigid containment. In some 
instances, the containment of corrosive high- 
temperature melts constitutes an almost intractable 
problem. 

o Complications in the critical heat- and mass- 

transfer characteristics of growth systems, arising 
from the combined effects of confinement and 
gravity-induced nonsteady convection, seriously 
impede the meaningful application of theory aimed 
at understanding and optimizing the crystal-growth 
process. 

The tenuous nature of the science base for melt 
growth of semiconductors is clearly demonstrated in as yet 
unresolved controversies pertaining to the physical nature 
of the dominating driving force for turbulent melt convec¬ 
tion in the technologically most important Czochralski 
crystal pulling process. 

With mounting evidence that the adverse effects of 
substrate deficiencies on device fabrication increase with 
decreasing device dimensions, the necessity for a meaning¬ 
ful science base in support of the currently practiced 
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proprietary empiricism in crystal growth is generally 
appreciated. Major corporations have, in this context, 
examined the potential of a reduced-gravity environment. 
They are apprehensive about their approach primarily 
because of "time-in-space constraints," which do not allow 
for a return of investment within an acceptable time frame. 

It is important to recognize that, by and large, 
industry's expectations from microgravity research for 
industrial crystal growth have changed noticeably since 
the publication of the Scientific and Technological Aspects 
of Materials Processing in Space (STAMPS) report. 1 With 
increasing evidence of adverse side effects from deficient 
bulk materials and with steadily mounting foreign com¬ 
petition, industry can be expected to actively participate 
in collaborative efforts aimed at establishing the potential 
of materials processing in a reduced-gravity environment. 

Crystal Growth and Academia 

Academic crystal-growth research of semiconductor 
systems in the United States traditionally has been very 
limited in scope and restricted to melt and solution growth 
of systems with small dimensions and with relatively low 
melting points. Research carried out in a few materials 
science and electrical engineering departments, funded 
largely by DOD agencies, reflects industry's benign 
neglect. The academic research volume in crystal growth 
increased noticeably when NASA decided to focus on basic 
research deemed necessary for a meaningful exploration of 
the potential of a reduced-gravity environment. This 
thrust gained momentum when controversial experimental 
results obtained from experiments in space attracted scien¬ 
tists and engineers from peripheral disciplines. The 
resultant interdepartmental collaborations among materials 
science, mechanical, chemical, and electrical engineering 
departments are now recognized as providing exceptional 
strength to academic research in crystal growth and 
forming the basis for meaningful and expanding interaction 
with industry. 

Established trends in engineering education suggest 
that electronic materials processing and, more specifically, 
crystal growth and characterization of semiconductor 
systems will emerge as a viable study and research option 
in graduate schools. This activity is expected to expand 
rapidly from the exclusive realm of abstract theory to 
include engineering-oriented applied science aimed at 
narrowing the gap between theory and experiment. 
Exploration of the solidification behavior of systems at less 
than 1-g values should be considered as a basic scientific 
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issue and should be a subject of concern for academia. A 
microgravity environment can, moreover, be expected to 
provide for crystal-growth conditions under which fun¬ 
damental complications deriving from gravity-induced 
nonsteady convective flows can be avoided. Such research, 
theoretical and experimental, will assuredly contribute in a 
major way to the establishment of elusive relationships 
among experimentally controllable growth parameters, 
growth behavior, and defect formation during solidification. 
Substantial involvement of academia in processing-oriented 
space research thus emerges as an activity that has not 
only educational value, but, moreover, may lead to meaning¬ 
ful technology transfer. 

Crystal Growth and NASA's Microgravity Research Program 

Exploration of the potential of a reduced-gravity 
environment for crystal growth of semiconductor systems 
has been pursued by NASA since the first opportunity 
arose to perform long-duration experiments in space. 

Given the benign neglect afforded semiconductor pro¬ 
cessing by high-technology corporations, NASA's program 
relied heavily on university participation. The short¬ 
comings of early space experiments have been analyzed in 
detail by the STAMPS Committee. Although criticism of 
early experiments was appropriate, it appears equally 
appropriate to acknowledge the significant advances made. 
Research on melt stabilization led to the development of 
Magnetic Czochralski Pulling (MCZ), now commercially 
applied to growth of large-diameter silicon. This approach 
to the suppression of turbulent melt convection is now 
recognized as potentially even more significant for 
achieving improved crystalline and chemical perfection in 
compound semiconductors such as gallium arsenide, indium 
phosphide, and cadmium telluride. The use of heat pipes 
for the establishment of axisymmetric thermal fields in 
Czochralski systems led to the virtual elimination of rota¬ 
tional dopant striations and of radial segregation in small- 
diameter semiconductor crystals with melting points of less 
than 1000° C. Current-induced interface demarcation 
during crystal growth, developed for quantitative studies 
of the microscopic growth behavior of systems in a 
reduced-gravity environment, now emerges as the most 
reliable analytical approach to quantitative studies of melt 
growth. The same technique, applied to liquid phase epi¬ 
taxial systems, has led to the evolution of current- 
controlled epitaxy. 

By applying approaches developed for space research, 
Bridgman growth, which for decades was considered the 
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most convenient means for the production of semiconductor 
single crystals with small diameters, was for the first time 
quantitatively investigated. This study resulted directly 
in the development of computer-controlled, heat-pipe-based 
growth systems with quantifiable thermal boundary con¬ 
ditions and with theoretically predictable growth and 
segregation characteristics. Modeling of heat and mass 
transfer in crystal-growth configuration became, for the 
first time, an exercise that could be subjected to meaning¬ 
ful quantitative experimental analysis. 

Opportunities for Academic Research 

Although progress has been made in crystal-growth 
technology during the last decade, the rate of advance is 
exceeded by the rate at which property requirements 
become more stringent as a result of advances in device 
technology. Residual crystalline and chemical deficiencies 
in semiconductor matrices today likely impose greater limi¬ 
tations to device technology than they did a decade ago. 

Given a deficient theoretical foundation, needed ad¬ 
vances in crystal growth will be both costly and time 
consuming, particularly because the industrial research 
base has been eroded. One must again note the nature of 
the complications considered responsible for deficient semi¬ 
conductor processing: gravity-induced perturbations in 
critical heat- and mass-transfer phenomena account largely 
for the current inability to bridge the gap between theory 
and experiment in crystal growth and the inability to 
achieve or even approach theoretical limits of crystalline 
and chemical perfection in electronic and opto-electronic 
materials. The complex issues of concern demand comple¬ 
mentary input from chemical engineering (mass transport), 
mechanical engineering (heat transport), and control 
theory not readily available in industrial semiconductor 
processing but available in some advanced universities and 
technological institutions. 

The recent emergence of more intensive university- 
industry-government interaction strongly suggests a 
collaboration in which academic research predominantly 
focuses on broadening the science base for crystal growth, 
and industry implements the corresponding technology 
transfer. 

The University Space Research Association (USRA) 
recently submitted to NASA recommendations that analyze 
the opportunities related to microgravity research. In con¬ 
text, a thorough experimental verification of the potential 
of a reduced-gravity environment is considered in the 
national interest, with direct benefits deriving primarily 
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from the following: 

o The elimination or significant reduction of 

buoyancy-driven natural convection (for substan¬ 
tial periods of time) in fluid phases under conven¬ 
tional and nonconventional crystal-growth 
configurations 

o The possibility of conducting liquid-solid phase 
transformations involving unconfined or nearly 
unconfined melts and solutions 
o The possibility of conducting well-defined growth 
experiments aimed at elucidating the formation of 
growth-related electrically and/or optically active 
defects, establishing their identity, and achieving 
their control 

o The evolution of nonconventional crystal-growth 
configurations 

o The reduction or practical elimination of gravita¬ 
tionally driven sedimentation in fluid phases 
o The establishment of a reference base for 

advanced modeling approaches to crystal growth 
o Growth of small quantities of materials with a pres¬ 
ently unachievable degree of purity and perfection 
to serve as property reference standards 
o The determination of physical (transport) 
constants 

The absence of a comprehensive understanding of 
crystal growth as practiced precludes categorical state¬ 
ments concerning the potential of a reduced-gravity 
environment. However, it has been demonstrated on the one 
hand that turbulent melt convection during growth leads to 
a serious deterioration of critical bulk properties of 
electronic materials and, on the other hand, through 
preliminary experiments in space, that diffusion-controlled 
growth (absence of convective interference) can be 
achieved in a reduced-gravity environment of g-levels 
ranging from 10"^ to 10 - ®. Space experiments 
established, moreover, that surface-tension-driven convec¬ 
tion (predicted by theory to be a dominant factor during 
unconfined crystal growth in a reduced-gravity environ¬ 
ment) can be controlled. 

In any attempt to assess the potential in a micrograv¬ 
ity environment for materials processing, there are 
unavoidable elements of uncertainty related to the 
complexity of the crystal-growth process, the tenuous 
nature of the existing theoretical framework, and the 
limited experimental data on growth behavior in space. It 
is therefore not inconceivable that the pursuit of as yet 
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unidentifiable phenomena in space may fundamentally affect 
the advancement of existing, and the evolution of new, 
approaches to crystal growth. 

Crystal Growth and Melt Stability 

The degree of crystalline and chemical perfection 
achievable in semiconductors by conventional growth tech¬ 
nology is, as yet, significantly removed from theoretical 
limits. The primary obstacles to the realization of 
materials with designed properties has been traced to 1) 
the lack of a viable, quantitative theoretical framework for 
crystal growth and 2) gravitational interference, which 
results in both nonsteady-state convection within all fluid 
phases involved and in the requirement for charge con¬ 
finement with related contamination and heat-transfer 
problems. 

The inability to even approach theoretical degrees of 
crystalline perfection was until recently not considered a 
drawback because critical property requirements for con¬ 
ventional device technology could be met through 
established procedures. Identifiable materials deficiencies 
were overcome through epitaxy, alterations in device 
architecture, and/or built-in device redundancy. A fun¬ 
damental change in basic property requirements of semi¬ 
conductors used for device fabrication became apparent 
with the advent of very large-scale device integration and 
the development of highly structured and composition- 
sensitive systems such as charge-transfer devices.2 This 
change, which entailed more stringent composition and 
defect control, is, if anything, magnified in the manufac¬ 
ture of compound semiconductor devices. At present, pro¬ 
perty requirements for some advanced and projected device 
technology are only marginally met in available materials, 
and desired progress in device development appears linked 
to improvements in materials perfection and property 
control during processing. 

With the identification of the primary causes for 
defect formation during melt growth of single crystals, the 
exploration of a reduced-gravity environment for semicon¬ 
ductor processing was a logical step4 Preliminary space 
experiments involving growth of doped semiconductors in 
gradient freeze configurations (Fig. 1) did provide signif¬ 
icant data, which stimulated a broad-based reexamination of 
the existing scientific framework for melt growth and 
segregation. They failed, however, to establish the poten¬ 
tial of space processing. Of particular concern is the 
finding that radial dopant segregation during melt growth 
in space^ can exceed that encountered during growth on 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


CRYSTAL GROWTH 133 

Earth by more than one order of magnitude. Also disputed 
is the magnitude of the convective driving force provided 
by the temperature and concentration dependence of the 
surface tension of free semiconductor melts in growth con¬ 
figurations. 

Theoretical consideration of the results obtained in 
space experiments indicates a significantly increased sen¬ 
sitivity of growth and segregation to heat-transfer con¬ 
ditions. Also predicted by theory, though not confirmed 
experimentally on Earth, is the dependence of the wetting 
behavior of semiconductor melts on the chemical nature and 
concentration of dopant elements. The wetting conditions 
are of concern insofar as they affect heat transfer to and 
from the melt and, on solidification, can lead to large 
mechanical stresses and thus to the generation of a 
massive dislocation network. 

An alternative to operation in a reduced-gravity 
environment for melt stabilization is suggested by magneto¬ 
hydrodynamics: the application of vertical or horizontal 
magnetic fields. 5-7 Experimental studies with magnetic 
Czochralski growth 8-lor indicate that both transverse and 
axial fields will, on exceeding a critical value, shift the 


AXIAL HEAT SHIELDS' 
(FOIL SHIELDS NOT SHOWN) 

CYLINDRICAL HEAT SHIELDS* 

COLLOIDAL GRAPHITE \ 
COATING* \ 


REFERENCE JUNCTION 
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Fig. 1 Schematic of the crystal growth system used for experi¬ 
mentation in reduced-gravity environment. (Asterisks indicate 
design modifications.) 
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fluid dynamic melt instability from the time-dependent tur¬ 
bulent to the time-independent laminar flow regime. 

The authors have conducted experiments to determine 
for vertical Bridgman growth the degree of control 
achievable with transverse and axial magnetic fields over 
the thickness of the momentum boundary layer at the 
crystal-melt interface. It was of interest to establish 
through comparative analysis the extent to which segrega¬ 
tion control, achievable in a reduced-gravity environment, 
can be approached by magnetic melt stabilization on Earth. 

Experimental Work 


All growth experiments conducted to the control 
achievable with magnetic fields were carried out in the 
multipurpose gradient freeze facility used during the 
Apollo-Soyuz Test Project (ASTP)^; the applied axial and 
transverse magnetic fields ranged from zero to 1.8 and 
zero to 3.0 kG, respectively. 

Sample Preparation . The charges used for the 
experiments consisted of gallium-doped germanium crystals 
grown by the Czochralski technique from melts doped to 
1020 atoms/cm^ using seeds of <100> and <111> orientation. 
The charge crystals were centerless ground to a 1-em diam 
and cut to a length of 5 cm. The seed segments of 2-cm 
length were ground to a 0.8-cm diam to permit attachment 
of cup-shaped graphite electrodes for growth interface 
demarcation.^ Prior to encapsulation, the crystal samples 
were etched with modified CP-4^; the quartz ampoules used 
for encapsulation were etched in hydrofluoric acid (HF) 
and, like the crystals, subsequently rinsed with deionized 
water and methanol. The ampoules were enclosed in a 
stainless steel cartridge under a pressure of 2 psig argon 
after repeated evacuation and flushing. 

Melting and Growth Procedure . The growth experi¬ 
ments were performed in the MA 010 system^ modified to 
provide for a constant heat-sink temperature. The furnace 
was positioned vertically, and partial remelting of the 
charge crystal was accomplished by raising the hot-zone 
temperature to 1150°C over a period of 10 h, while main¬ 
taining the cold-zone heat extractor plate at a fixed tem¬ 
perature of less than 100°C. In this thermal configuration, 
a temperature gradient of 50°C/cm was achieved in the 
gradient zone with the seed-melt interface located 1.1 cm 
from the cold end of the crystal. For thermal equilibra¬ 
tion, the hot zone was maintained at temperature for 2 h, 
and controlled regrowth of about 10 jim/s, which asymp- 
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totically approached 20 pm/s, was achieved through a 
programmed cooling rate (2.4°C/min) of the hot zone. For 
growth-interface demarcation, current pulses (20 A) of 
55-msec duration were transmitted across the crystal-melt 
interface at fixed time intervals. 

Analytical Procedure . Growth and segregation analy¬ 
ses were performed as follows, All regrown crystals were 
cut with a diamond saw along the growth direction to posi¬ 
tion in 2 -mm thick slices the crystal axis at the surface of 
the specimen when prepared for analysis. For single-point 
spreading resistance analyses, the back side of the crystal 
slices was alloyed with 50/50 indium-tin solder and 
mounted on standard round brass disks. The mounted 
specimens were lapped with 5-ym garnet and subjected to 
chemical/mechanical polishing using Nalcoag 1030 solution 
on a Rodel #204 PSA II polishing pad. The polished 
samples were etched with agitation for 10 s in a high- 
resolution striation etch consisting of equal parts HF, 
CH 3 COOH, and H 2 O 2 . For quantitative segregation analy¬ 
ses, single-point spreading resistance measurements at 
spacings of 10 jim (microsegregation) and 100 ym 
(macrosegregation) were performed on the etched specimen, 
and the corresponding microscopic growth rates were 
determined with a filar eyepiece using interference 
contrast microscopy. After correction for external 
resistance in the measurement circuit, the spreading 
resistance data were converted to resistivities by using 
probe calibration factors obtained through Hall-effect 
measurements. Carrier concentrations were determined 
from the resistivity data, employing a curve fit to 
Cuttrass's curves.^ 

Results and Discussion 
Heat-Transfer Considerations 


Inherent in the design of the growth system is the 
existence of a radial thermal gradient at all positions of 
the crystal-melt interface. Because of the geometry of the 
system, which provides for three growth cavities, the. pre¬ 
vailing radial gradients are, moreover, asymmetric and are 
subject to change as the solidification isotherm (the loca¬ 
tion of the crystal-melt interface) is, under the imposed 
cooling rate, forced into the hot-zone region. These basic 
deficiencies in the thermal configuration are reflected in 
the morphology of the crystal-melt interface (revealed by 
interface demarcation) and in its change during growth 
(Fig. 2). A comparison of the morphological characteristics 
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observed in this study with those of earlier studies in the 
same system reveals a pronounced resemblance for growth 
experiments conducted 1) in the presence and absence of 
magnetic fields, 2) in 1-g and microgravity environments, 
and, 3) prior to and following modifications involving fur¬ 
nace rewinding. It is therefore concluded that the heat- 
flow characteristics in the crystal-melt interface region 
that control the growth-interface morphology are dominated 
by the geometry and heat-transfer characteristics of the 
thermal gradient region. 

Microscopic growth-rate analyses based on the 
measurement of spacings between successive interface 
demarcations indicate, for a controlled cooling rate of the 
hot zone (2.4°C/min), a transient growth behavior that is 
virtually identical with that observed in earlier experi¬ 
ments. The rate of growth increases rapidly at the 
beginning and approaches a value of about 20 ym/s after a 
growth distance of 2 cm. The effect of an applied axial 
magnetic field of 1.8 kG on the microscopic growth beha- 



RADIAL DISTANCE (MM) 


Fig. 2 Crystal-melt interface morphology as determined by inter¬ 
face demarcation for various distances from regrowth interface. 
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vior is found to be significant. As seen in Fig. 3, axial 
field application results in a noticeable decrease of the 
(radially averaged) microscopic rate of growth, which after 
2 cm of regrowth approaches a value of 10 ym/s as com¬ 
pared with 20 ym/s in the complete absence of an applied 
field. Although the mechanism through which the magnetic 
field affects the growth rate is as yet unknown, the 
results appear consistent with a field-controlled increase in 
the axial thermal gradient. This behavior is of interest 



Fig. 3 Microscopic axial growth rate profiles of germanium 
crystals for A) conventional growth and B) magnetic (1.8 kG) 
field stabilized growth. 
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Fig. 4 Averaged and normalized (C s /knC 0 ) axial charge carrier 
concentration profiles; A) ASTP results'* and B) present study 
without magnetic melt stabilization. 


insofar as it differs from that observed in a reduced- 
gravity environment, which was reported as not measurably 
different from that encountered under 1-g conditions. 

Segregation Analysis . To provide for a meaningful 
comparative analysis of axial macro segregation during 
growth under the various conditions of concern, com¬ 
positional diagrams, computed from longitudinal spreading 
resistance scans and radially averaged, were normalized 
with k 0 C 0 . 

For conventional regrowth (Fig. 4), the presently 
observed macrosegregation is found to replicate well that 
reported earlier. Axial segregation during growth in the 
presence of transverse and axially aligned magnetic fields 
of 3.0 and 1.8 kG, respectively, (Fig. 5) indicates only a 
small effect of the applied field. The data suggest that 
the applied field, regardless of orientation, increases 
rather than decreases segregation. Considering that the 
macro segregation analysis for the cylindrical crystal is 
based on a limited number of scans within one plane, the 
observed deviation from standard behavior must be taken 
as not significant. It is of interest to examine a peripher¬ 
al composition scan for growth during which a transverse 
field of 3 kG was intermittently applied (Fig. 6). Contrary 
to expectation, the data suggest a pronounced drop in 
dopant incorporation (i.e., increased segregation) with the 
application of the field. The field effect becomes clearer 
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Distance (microns) 


Fig. 5 Averaged and normalized axial charge carrier con¬ 
centration profiles for A) 3.0 kG transverse magnetic field and B) 
1.8 kG axial magnetic field. Time line indicates activation of 
magnet. 

when considering three longitudinal scans, left-center- 
right, along an axial crystal slice that contains the growth 
axis (Fig. 7). These data reveal that the presence of a 
magnetic field leads to radial solute redistribution that 
results in pronounced local changes of dopant incor¬ 
poration without substantially affecting the radially 
averaged axial macro segregation behavior (Fig. 5). 
Furthermore, they point out limitations associated with two- 
dimensional segregation analyses for three-dimensional 
systems. A further complication of growth and segregation 
arises from electrical growth interface demarcation in the 
presence of magnetic fields. This effect is the subject of 
an ongoing investigation. 
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Distance (microns) 


Fig. 6 Peripheral (axial) charge carrier concentration profile for 
a crystal grown with an applied transverse magnetic field (3.0 kG). 



a) Distance (microns) 

Fig. 7 A) peripheral (left), C) peripheral (right), and B) central 
charge carrier concentration profiles for crystal grown with an 
applied axial magnetic field (1.8 kG) in the facility depicted in 
Fig. 1. 


(cont.) 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 


ik, mwa fmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


CRYSTAL GROWTH 


141 


20.0 r 


~ 90 L 

CD 

2 7.0 j 

z 

o 

H-l L 

5 5.0 f 


3.0 h 


OFF ON 


1.8 kG AXIAL MAGNETIC FIEL0 
OFF I ON I OFF 


ON 


b) 


l.o I-i_i_i_i_i_i_i_i_;_ 

2000 6000 10000 14000 1S0O0 

Distance (microns) 



Fig. 7 A) peripheral (left), C) peripheral (right), and B) central 
charge carrier concentration profiles for crystal grown with an 
applied axial magnetic field (1.8 kG) in the facility depicted in 
Fig. 1. 


Summary and Conclusions 

The effects of both axial and transverse magnetic 
fields of 1.8 and 3.0 kG, respectively, on segregation 
during growth in vertical Bridgman configuration were 
investigated. It was found that axial macrosegregation is 
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not noticeably decreased by this procedure. This finding 
suggests that the effectiveness of magnetic fields for 
damping convective melt flows already in the laminar 
regime, as encountered in Bridgman growth, is small. The 
application of magnetic fields is found to affect substan¬ 
tially, however, the radial solute redistribution. This effect 
is attributed to changes in convective melt-flow patterns 
and to related local changes in the thickness of the solute 
boundary layer at the crystal-melt interface. The reported 
experimental results suggest that convective flow 
suppression in semiconductor melts through axial and 
transverse magnetic fields has limitations that make it 
unlikely to achieve growth conditions on Earth with 
k e ff approaching unity. Experimentation with crystal 
growth in the presence of magnetic fields should therefore 
be considered as a complementary precursor to rather than 
a substitute for experimentation in a reduced-gravity 
environment. 
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Chapter 4B 


Comments on Crystal Growth 

R.F. Sekerka* 

Carnegie-Mellon University, Pittsburgh, Pennsylvania 


It is perhaps easier to critique than to create; 
however, having the utmost respect for Dr. Witt, who has 
personally contributed pioneering, significant, and excellent 
research on growth from the melt of semiconductor crystals 
in space, the present author is faced with a difficult task. 
Having little argument with the facts as stated by Dr. Witt 
in regard to the technical aspects of this specialized sub¬ 
ject, this author shall concentrate on putting Dr. Witt's 
contribution in a broader perspective, specifically with 
respect to 

o The role of low-gravity crystal growth as catalyst 
o The nature of convection as culprit 
o A broader class of crystalline materials and phe¬ 
nomena 

o The role of NSF 

The Role of Low-Gravity Crystal Growth as Catalyst 

One of Dr. Witt's recurring themes may be para¬ 
phrased as follows: for various reasons, including the 
proprietary and business nature of semiconductor growth 
in industry (i.e., if the present recipe works or can be 
circumvented by clever engineering, do not waste time and 
resources studying it), there does not exist a sound 
scientific basis for the understanding and optimization of 
semiconductor crystal-growth processes and, concomitantly, 
there is a paucity of support for the necessary research 
in academia. Although this theme is perhaps somewhat 
overdone, its substance nevertheless rings true. Dr. Witt 
then goes on to state, "The academic research volume in 
crystal growth increased noticeably when NASA decided to 
focus on basic research deemed necessary for a meaningful 
exploration of the potential of a reduced-gravity environ¬ 
ment. This thrust gained momentum when controversial 
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experimental results obtained from experiments in space 
attracted scientists and engineers from peripheral disci¬ 
plines." 

Buried in these statements is a nugget worth further 
development, namely, the role of low-gravity crystal growth 
as catalyst to stimulate the activity of the scientific com¬ 
munity to remedy the lacking scientific bases of crystal- 
growth processes in general. Indeed, the low-gravity 
environment has presented scientists and technologists 
with a new mystery factor (or lack thereof, if one prefers 
to think of the virtual absence of the acceleration, g, due 
to gravity), the consequences of which have proven to be 
entirely more subtle than the early space jockeys 
(perfectly spherical ball bearings, uniform composite 
materials, and cancer-curing drugs) ever anticipated. 
Gravity is a relatively weak force when compared with, for 
example, electromagnetic forces that take part in chemical 
reactions. However, it can become the deciding factor 
when such stronger forces either balance one another or 
are otherwise held in abeyance. For instance, gravity has 
little effect on the chemical potential of a solute in solution 
(except for columns of great height or near a critical 
point). If such a solution should separate into two phases 
due to the balance of electromagnetic forces, then gravity 
will affect each phase significantly differently, thus giving 
rise to all sorts of sedimentation phenomena. 

Therefore, in attempting to exploit the low-gravity 
environment for useful purposes, it is proving to be 
necessary to advance the science of crystal growth to a 
much greater depth of understanding, especially by exten¬ 
sive related ground-based research. Hence, in addition to 
providing important knowledge and technology in its own 
right, low-gravity crystal growth is also an important 
catalyst for further research. 

The Nature of Convection as Culprit 

When Dr. Witt states, "... research efforts aimed at 
quantifying the growth and segregation behavior in 
industrial-scale systems have been of limited success only, 
primarily because of major complications in the heat and 
mass transfer characteristics caused by gravity-induced 
convection phenomena," and again "a microgravity environ¬ 
ment can, moreover, be expected to provide for crystal- 
growth conditions under which fundamental complications 
deriving from gravity induced nonsteady convective flows 
can be avoided," he dwells on convection as the major phe¬ 
nomenological culprit in inhibiting the degree of perfection 
of crystals and a firm scientific understanding of their 
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growth processes. With all due respect for this important 
point of view, however, this author would like to point out 
that there are other nearly equally important factors. 

The present author would certainly grant that the 
very nature of convection (an intrinsically nonlinear phe¬ 
nomenon beset with a hierarchy of instabilities) can lead to 
an uncontrolled, even chaotic, environment that appears to 
obscure or even defy a quantitative scientific understand¬ 
ing. In this respect, Dr. Witt is entirely correct and the 
low-gravity environment provides a setting wherein there 
may be great simplification or at least the ability to 
explore the effect of a very different gravitational para¬ 
meter. But even so, crystal-growth processes employ real 
materials and processing conditions, and the following fac¬ 
tors, which may be of comparable importance, should not 
be ignored. 

o Our knowledge of material constants is painfully 
meager for most materials. To quantitatively ana¬ 
lyze a typical steady state alloy crystal-growth 
process, even without convection, five dimen¬ 
sionless parameters are needed, which are depen¬ 
dent on a knowledge of some 10 material constants 
and three processing parameters. Many such 
material constants are poorly known (especially 
surface tensions and diffusivities) and it is not 
particularly glamorous work to measure them. 

Perhaps they must be measured, perhaps in con¬ 
cert with a long-term commitment in national 
laboratories or else as an important and recognized 
by-product of other research. 

o Our ability to accurately sense the processing 
parameters that govern crystal growth processes 
needs improvement for truly quantitative studies to 
be meaningful. Although Dr. Witt notes that hard¬ 
ware available for experimentation in space remains 
limited and deficient, the present author would like 
to clarify this point. Until recently, the approach 
has been to employ contractors to produce 
general-purpose equipment for research in low 
gravity. Although such contractors have diligently 
brainstormed the potential user community, the 
resulting designs have been largely based on a 
synthesis of existing technology, have not been 
tailored to the needs of actual experimenters, and 
have sometimes resulted in hardware with a cost 
beyond belief and a utility that is inhibiting to the 
very research that it is intended to enable. What 
is needed is a new approach to hardware develop- 
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ment that is integrated with an innovative 
approach to new sensors and with the specific 
needs of a particular principal investigator, 
o Our ability to perform complex computational ana¬ 
lyses is still an important limiting factor. This 
need ranges from our present meager 
understanding of the constitutive laws for 
transport to raw computational means 
(supercomputers and the codes to use them effec¬ 
tively) necessary to solve the moving free boun¬ 
dary problems and equations of fluid dynamics and 
heat and mass transport that underline processes 
of crystal growth. 


A Broader Class of Crystalline Materials and Phenomena 

Dr. Witt's chapter is confined, perhaps understand¬ 
ably given his area of expertise, primarily to the growth 
of semiconductor crystals from the melt, even though many 
of his remarks apply in a broader context. The present 
author should like, however, to suggest the nature of a 
broader context by providing a few examples. 

The first example is the growth of crystals from the 
vapor, as has been carried out in space by Professor H. 
Wiedemeier of the Rensselaer Polytechnic Institute, among 
others. Roughly speaking, vapor growth in space, as com¬ 
pared with that on Earth, has resulted in the production 
of a smaller number of much larger, more nearly perfect 
crystals of substances such as germanium selenide. The 
culprit responsible for these differences has been reputed 
to be convection, but the mechanism seems to involve a 
very subtle interplay between nucleation and growth and 
is still being pursued by Wiedemeier and others in ground- 
based experiments. The point is that researchers must 
continue to seek to understand the fundamental scientific 
basis for these results and resist the temptation to rest on 
their findings and simply employ the space environment for 
better crystal production. Now that the catalyst to a 
better fundamental understanding exists, the opportunity 
to roll back the fundamental frontiers of knowledge of 
vapor growth processes should become irresistible. Even 
from a practical viewpoint, the best possible outcome would 
be to sufficiently understand the process such that the 
products produced in space can be duplicated by new, more 
economical processes on Earth. Thus, this example pro¬ 
vides a goal, an unexpected target that should further 
impel researchers to understand and accomplish economi¬ 
cally what is now known to be possible. 
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The second example is that one of the most dramatic 
results of crystal growth in space so far has been the 
ability to grow large crystals of proteins from solution, up 
to 1000 times the volume of such crystals grown on Earth. 
Crystals of lysozyme and 0-galaCtosidase (a key enzyme in 
genetic investigations) were grown aboard Spacelab-1 
under the direction of Drs. W. Littke and C. John of the 
University of Frieburg, F.R.G. and hold the promise of 
accurate structure determination of proteins by means of 
powerful and trustworthy techniques of X-ray diffraction. 
Such knowledge is essential to the development of many 
aspects of molecular biology as well as to the science of 
crystal growth itself. Although there are large density 
differences between the protein solution, the salt solution, 
and the intermediate buffer solution in which crystalliza¬ 
tion takes place, and the reduction in low gravity of con¬ 
vection to tolerable levels of laminar flow is of doubtless 
importance, such proteins typically have molecular weights 
of 10,000-100,000 and are likely to interact with buoyancy 
and viscous forces on a microscale heretofore unappre¬ 
ciated by those who think in terms of metallic crystals or 
crystals composed of small molecules. In other words, 
researchers still really do not understand in detail the 
scientific basis for this success. These important results 
therefore suggest several interesting problems of fundamen¬ 
tal as well as profound practical significance. 


The Role of NSF 

The key question of this workshop concerns the role 
of NSF regarding opportunities for research in a low- 
gravity environment. Although Dr. Witt has discussed the 
desirability of related academic research, his connection to 
the role of NSF is left more vague; therefore, the present 
author will attempt to embellish a little. 

In the opinion of this author, the role of NSF (and 
this also possibly applies to other agencies that support 
basic research in universities) is to act as the precursor, 
harmonizer, and extender of the fundamental science that 
is synergistic with the NASA effort in a low-gravity 
environment. Given the remarks presented above, there 
are several important Earth-based scientific studies that 
are both desirable and necessary, before and after the 
conduct of experiments in space. This is not to say that 
NSF-sponsored investigators should not conduct experi¬ 
ments aboard spacecraft provided that they stand up to 
peer review in the broader context of scientific oppor¬ 
tunities. Rather, it is simply to say that NASA is, and will 
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probably remain, the prime provider and stimulator of the 
space-based experimental activities, including broader 
responsibilities toward commercialization. NSF has a much 
broader scientific mission; however, within this mission 
there is both opportunity and reason to conduct research 
that is synergistic with the low-gravity work of NASA. 

The primary role of NSF should be, therefore, to 
respond positively to the opportunities for exciting fun¬ 
damental science that reinforce or develop from this effort 
and to give them the ongoing care and attention that they 
deserve. 
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Chapter 5A 


Opportunities for Metals and Alloys Research 
in a Low-Gravity Environment 

J. Szekely* 

Massachusetts Institute of Technology, Cambridge, Massachusetts 


Introduction 

With the establishment of regular space shuttle missions 
and the conclusion of numerous successful in-flight experi¬ 
ments, the field of low-gravity research has developed to the 
point that experimentation in a low-gravity environment has to 
be regarded as a potentially viable option when planning many 
scientific investigations. This chapter defines the perspectives 
for conducting metals-processing research in a low-gravity 
environment, identifies potentially promising areas for scientific 
investigation, and suggests a possible framework for organizing 
such an effort. 


Perspectives 

There are three principal reasons why experimentation in 
a low-gravity environment is appealing in the metals and alloys 
processing field. 

First, if gravitational effects are minimized, buoyancy- 
driven convective flows also are minimized. It follows that 
flows due to density differences, brought about either by con¬ 
centration or temperature gradients, will be reduced or elimi¬ 
nated. Convection can seriously interfere with the 
measurement of transport coefficients (which requires that gra¬ 
dients be maintained), particularly for double-diffusive phenom¬ 
ena, and can hamper nucleation and undercooling studies and 
the investigation of a host of other transport-related phenomena. 

Second, the presence of gravity will cause sedimentation, 
the settling and coalescence of nuclei, and possibly phase 
separation. Such sedimentation may interfere with attempts to 
produce uniformly dispersed second phases or appropriately 
aligned second phases in melts. 


Copyright © 1986 by the American Institute of Aeronautics and 
Astronautics, Inc. Ali rights reserved. 
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Third, operating in low gravity should facilitate con¬ 
tainerless processing by suspending specimens in an acoustic 
or an electromagnetic force field. This mode of operation 
eliminates contamination, enables the study of difficult-to- 
contain materials, and prevents the nucleation of new phases at 
the container surface. The last factor aids in nucleation stud¬ 
ies and also in undercooling. 

Two important comments ought to be made here. First, 
experimentation in a low-gravity environment enables the 
investigator to study key phenomena in the metals and alloys 
field, which would be very difficult, if not impossible, to pur¬ 
sue under Earth-bound conditions. Second, none of the 
problem areas defined can be regarded as "pure metallur¬ 
gy." Indeed they contain significant components of fluid 
mechanics, transport phenomena, and electrodynamics. It 
follows that proper definition of the problems and key experi¬ 
ments to address them will require collaboration with the fluids 
and transport communities. 


Key Research Areas in Metals and Alloys 

The following are key research areas in the metals and 
alloys fields that would benefit from experimental work in a 
low-gravity environment. The list is not exhaustive and no 
prioritization has been attempted. 

Solidification Research 


Solidification is of importance in metals and alloys pro¬ 
cessing because refining and purification are necessarily per¬ 
formed in the molten state, whereas the finished product is in 
solid form. It is well-established that the structure and prop¬ 
erties of alloys depend critically on the growth processes that 
occur during solidification, which in turn are governed by the 
nature of the thermal and the solutal fields. In metals solidi¬ 
fication, the time scale for heat transfer is some 1,000 to 10,000 
times faster than the corresponding values for solute diffusion. 
Thus, the motion of the solidification front tends to be con¬ 
trolled by heat transfer, but the actual interface morphology 
and the resulting microstructure are controlled by solute 
transport. If convection is present during solidification, which 
is almost always the case, the local balances between heat and 
mass transfer may be drastically altered, with corresponding 
changes in the resultant micro structure and properties. 

In recent years, major advances have been made in the 
development of a theoretical understanding of how solidified 
structures are evolved in the absence of convection. However, 
convection is virtually impossible to avoid under terrestrial 
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conditions; experimentation in a low-gravity environment would 
provide a unique means for testing these models. 

Specific topics that could be addressed here include the 
following: 

o Morphological stability 
o Columnar-equiaxed transitions 
o Macro segregation 
o Microsegregation 

To comment briefly, the morphological stability of an 
advancing solidification front determines whether this front will 
be planar or dendrites will be formed. 

In the solidification of metallic structures, one distin¬ 
guishes between larger, columnar crystals, which have a well- 
defined orientation (on the outside) and equiaxed crystals (in 
the interior), which are in essence nonoriented grains. 

Segregation phenomena result because the solubility of 
impurities tends to be less in the solid phase than in the melt, 
so that impurities (solute) are rejected when the solidification 
front advances from the solid into the liquid. The subsequent 
redistribution of these impurities due to liquid motion and 
other factors are the cause of compositional inhomogeneities in 
the final solidified structure. 

Experimental work involving the controlled solidification of 
well-defined alloy systems in low gravity and the careful 
structural analysis of the solid structures obtained should 
resolve many fundamental problems that are of crucial current 
interest in this field. 

Undercooling-Nucleation-Recalescence Research 

Once a solid phase is nucleated in an undercooled melt, 
the resultant solidification process occurs rapidly. This pro¬ 
cess may yield interesting structures, moving "frozen" non¬ 
equilibrium compositions. By operating in a containerless mode 
and in the absence of convection, it should be possible to 
attain a very high degree of undercooling, limited only by the 
onset of homogeneous nucleation. It follows that by carrying 
out undercooling-recalescence experiments in a low-gravity 
environment, hitherto unattainable insight may be obtained into 
homogeneous nucleation theory and the formation of frozen 
metastable phases in the bulk. Work of this type has been 
initiated by Turnbull, and important work is being carried out 
by Perepezko and Flemings.! 

Sedimentation. Stability, and Coarsening of Two-Phase Mixtures 

In two-phase engineering alloys and in dispersion- 
strengthened materials it is highly desirable to attain a spa- 
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tially uniform, homogeneous dispersion of the two phase's. This 
homogeneity is difficult to attain under Earth conditions 
because of sedimentation of the heavier particles and because 
of the diffusion-aided growth (e.g., dendrite coarsening, 

Ostwald ripening). By carrying out experiments pertaining to 
the solidification of two-phase systems in a low-gravity 
environment, it may be possible to eliminate or at least mini¬ 
mize the effect of gravitational settling and the convection- 
aided components of dendrite coarsening, particle coalescence, 
and so forth. 

Thus, experimentation in a low-gravity environment has 
two principal attractions: one may produce structures that 
would have been unattainable in a terrestrial environment and, 
more important, one may obtain a greatly improved insight into 
the process mechanisms. 

One additional, significant point ought to be made here. 
Through the preparation of the ideal structures (i.e., uniformly 
dispersed particles or uniformly aligned fibers), one may 
devise important standards for both testing the applicability of 
existing theories and determining materials-processing objec¬ 
tives that ought to be approached within Earth-bound experi¬ 
mental programs. 

Measurement of Thermophysical Properties 

In recent years, the ability to model metals-processing 
operations mathematically has advanced greatly through the 
statement of the appropriate kinetic and transport equa¬ 
tions. One major stumbling block in the use of these models, 
however, is the nonavailability of transport coefficients, such 
as specific heat, thermal conductivity, diffusivity, contact 
angle, and surface energies. 

Accurate measurement of these parameters is quite dif¬ 
ficult in an Earth-bound environment because convection is 
very hard to eliminate when maintaining materials at elevated 
temperatures. Furthermore the very transport process that is 
being studied may interfere with the measurements. Thus, the 
determination of diffusion coefficients, thermal conductivities, 
and specific heats, especially of corrosive and difficult-to- 
contain materials, would represent an important contribution to 
the field of metals processing. 

Contiguous Transport Phenomena 

One of the most important attributes of a low-gravity 
environment for research purposes is that buoyancy-driven 
convection is eliminated or minimized. For this reason, in the 
planning and interpretation of in-flight experiments by the 
metallurgical community, it is crucial that a good quantitative 
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understanding be developed of the transport aspects of these 
problems. These problems need not be tackled by metallur¬ 
gists alone, but should be carefully considered, perhaps in 
collaboration with experts in the transport area. Some selected 
topics in this field are listed below. 

Convection at Low Residual Gravity Levels and Gravity- 
Jitter . In many low-gravity experiments it is impossible to 
eliminate gravity altogether; indeed reduction of the force of 
gravity by a factor of 1,000 or 10,000 may be all that can be 
attained. Furthermore, during spaceship accelerations, time- 
dependent variations in acceleration forces may occur. The 
effect of these forces has to be factored into the planning of 
the experiments. It has been shown that cyclic variations in 
g, due to either spaceship movement or the movement of astro¬ 
nauts or machinery aboard the spacecraft, may have a marked 
effect on certain phenomena, such as the distribution or 
redistribution of impurities in crystal growth. 

Surface-Tension-Driven (Marangoni) Flows . It came as an 
unwelcome surprise to many early investigators in the materials 
field that, whereas operation in a low-gravity environment 
minimized buoyancy-driven flows, surface-tension-driven flows 
were not affected. Indeed, such flows could become dominant, 
giving rapid enough convection, especially in the presence of 
free-liquid surfaces, to obviate most of the beneficial effects of 
the low-gravity environment. In this context, Marangoni-type 
flows are defined as flows resulting from a surface shear, 
which in turn may be induced by the existence of temperature 
or concentration gradients occurring at the free surface of a 
liquid. Such situations will naturally arise and may indeed be 
difficult to avoid when a melt having a free surface is being 
handled (heated, cooled, solidified, etc.) under intrinsically 
non-isothermal conditions. It follows that quantitative aware¬ 
ness of Marangoni-type flows is essential in the planning of 
low-gravity experiments. 

Electromagnetically driven flows . Because electromagnetic 
levitation is one of the key methods employed in containerless 
processing, it is important to assess quantitatively the role 
played by the residual electromagnetic forces in producing 
convection and the transient decay rate of such a convection. 

Double-Diffusive Flows and Coupled-Flux Phenomena . 

Many metals-processing operations involve the simultaneous 
transfer of matter and thermal energy and the coupling of 
other transport phenomena. Thermal diffusion (e.g., the Soret 
Effect and the Dufour Effect), electromigration, and the like 
may be cited as examples. By carrying out experiments in a 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, WxU'i fmw laiimfcw Wmfy Purchased from American Institute of Aeronautics and Astronautics 


156 J.SZEKELY 

low-gravity environment, the role of convection in modifying 
these phenomena may be minimized. Such an arrangement may 
also be ideal for determining the appropriate transport coef¬ 
ficients for these coupled-flux phenomena. 

Double-diffusive phenomena is the general term used to 
describe these systems, whereby two or more transport phenom¬ 
ena (e.g., diffusion and heat transfer, diffusion and electro¬ 
migration) proceed simultaneously and in a coupled manner. 

As an example, consider the solidification of a binary system, 
where convective motion is induced in the melt due to the com¬ 
bined effect of temperature and composition gradients. In 
such systems, transport of material will occur as a result of 
diffusion, convection, and thermal diffusion. Therefore, the 
analysis of the measurements is quite difficult, especially if one 
seeks information on thermal diffusion (i.e., transport of 
material due to a temperature gradient), which may be masked 
by the other phenomena. Another example may be electro¬ 
migration, the transport of material in an ionic melt due to 
imposition of an electric field. This phenomenon is opposed by 
diffusion and could be complicated if thermal natural convec¬ 
tion occurs as a result of heat generation. 

Discussion 

This chapter has identified 1) the principal reasons for 
conducting metallurgical research in a low-gravity environment 
and 2) several key research areas that would be particularly 
appropriate for low-gravity research, namely solidification 
research, undercooling and nucleation experiments, and the 
measurement of transport properties. Reference has also been 
made to the extensive documentation that describes key 
current efforts in these areas. 

Many low-gravity experiments on metals and alloys could 
be proposed. The following criteria are suggested for selec¬ 
tion of those experiments that could qualify for conduct in 
space. First, an important scientific issue should be addressed 
by the proposed experiment. Second, the experiment should 
rely critically on the unique attributes of a low-gravity 
environment (viz, suppression of convection sedimentation, and 
so forth). Third, appropriate theoretical and ground-based 
work should be carried out prior to the in-flight experiment. 
These have been the guiding criteria in the very successful 
NASA Microgravity Science and Applications Program to date. 

Definition of Metallurgical Research Areas That Meet These 
Criteria 


The areas of metallurgical research defined above have 
been selected to meet these criteria. More specifically, convec- 
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tion is known to have a marked effect on the morphology of 
solidified structures, on interface stability, and on macrosegre¬ 
gation. Furthermore, the nature of convection in many of 
these systems is well-enough understood that the effectiveness 
of research in a low-gravity environment can be adequately 
assessed. Similar considerations apply to nucleation, under¬ 
cooling, and sedimentation phenomena. A great deal of excel¬ 
lent fundamental research is being conducted in this field 
under NASA sponsorship. 


Conclusions 

There are significant opportunities for fundamental 
research in a low-gravity environment in the metals and alloys 
field. Such work would address significant scientific questions 
and would make use of the unique attributes of a low-gravity 
environment. This environment would suppress buoyancy- 
driven flows and sedimentation and thus provide unusually 
attractive opportunities for studying solidification phenomena, 
nucleation, and undercooling and for measuring thermophysical 
coefficients. 

A substantial research program is already in place within 
the framework of the NASA Microgravity Science and Applica¬ 
tions Program. This effort is well-documented,l -5 and there is 
an ongoing effort to define appropriate research areas. Fluids 
and transport phenomena, metals and alloys, and crystal 
growth are specific scientific disciplines that are being exam¬ 
ined under the NASA program. 
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Chapter 5B 


Comments on Metals and Alloys 

James A. Graham* 

Deere & Company, Moline, Illinois 


After learning about the experiments on Skylab, 

Deere and Company began to discuss the possibilities of 
low-gravity research on a material of importance to our 
company. Cast irons were chosen because they represent 
25% by weight in Deere's products and because they are 
the one material that the company processes in a liquid- 
to-solid transformation. After some discussion, Deere 
decided to concentrate on the phenomena of microstructure 
development during solidification because the microstruc¬ 
ture, and particularly the graphite, is so significant in the 
castability of the iron, the machining of the castings, and 
the properties of the finished component. It was believed 
that a more thorough understanding of the formation of 
the microstructure would aid Deere in developing improved 
irons or improved processes in its foundries. At no time 
did the company imagine that it would be possible economi¬ 
cally to manufacture castings in space. 

From this concept, Deere developed a Technical 
Exchange Agreement with NASA, conducted experiments in 
its own laboratory to develop the furnace and the instru¬ 
mentation for data collection, and performed models of 
solidification of the NASA sample to predict the time and 
progress of the cooling during solidification. The company 
then conducted experiments on several cast irons onboard 
KC-135 and F-104 aircraft. These aircraft developed 
periods of low gravity for about 20 s on the KC-135 and 
52 s on the F-104. The short periods of solidification in 
low gravity revealed structural differences in these cast 
irons from those solidified on Earth. However, the period 
of low gravity was too short for any quantitative studies. 
Therefore, Deere is now preparing a Joint Endeavor 
Agreement with NASA to conduct tests of longer duration 
onboard the space shuttle. 

Dr. Szekely notes in his chapter that there are three 
principal reasons for experimentation in a low-gravity 
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environment. Of these three, two represent Deere's 
reasons for wanting to conduct experiments in the space 
environment, namely, the reduction of buoyancy-driven 
convection to a minimum and the near elimination of sedi¬ 
mentation in the low-gravity environment. Although Deere 
acknowledges the benefit stated in the third reason (i.e., 
containerless processing is possible), it is not relevant to 
its experiments on cast irons. 

Dr. Szekely also mentions several research areas. In 
discussing the first of these, solidification, he properly 
notes that the structure and properties of metal alloys 
depend very critically on the growth processes that occur 
during solidification. This is indeed the subject of Deere's 
research on cast irons and why the company believes that 
it is worth doing to gain a better understanding of this 
phenomena so that it can improve its processes and cast 
irons made on Earth. After a review of its early experi¬ 
ments, Deere established several possible subjects for 
future exploration (Table 1). 

Deere plans in its future tests to use a directional 
solidification furnace whereby the rate of heating and 
cooling can be changed substantially. The company plans 
to vary the rate of traverse to a 300-mm sample from 10 
min to 11 h. This will enable Deere to study the various 
subjects mentioned in Dr. Szekely's chapter, such as 
undercooling, nucleation recalescence, sedimentation, and 
transport phenomena. These subjects will be included in 
the company's future low-gravity tests on cast irons. 

Deere has been developing computer models for pre¬ 
dicting the cooling curves of castings in the foundry. 

These models are needed to be able to better design the 
patterns, gating, and risering to arrive at uniform rates of 


Table 1 Subjects for low-gravity tests on cast irons 


Process Management 
Carbon flotation 

High carbon iron phase diagram 
Cell size control 

Diffusion measurement liquid-solid 

Quantify difference caused by lack of convection 

Design Data 

True liquid thermal conductivity 
Properties of high carbon 

New Materials 
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cooling throughout the casting. This will reduce the 
residual stresses that are detrimental to the castings and 
sometimes cause extra processes to eliminate. In devel¬ 
oping these models, Deere finds it necessary to use values 
for various parameters to make these predictions viable. 
These include thermal conductivity, diffusivity, contact 
angles, surface energies, specific heats, and others. This 
author was pleased to see that these were mentioned in 
Dr. Szekely's chapter. The development of good data on 
these factors is very important to the advancement of the 
metals industry; quite often, information of this type and 
quality is unavailable. The Numerical Data Advisory Board 
of the National Research Council has also noted this point. 

After Deere began its tests onboard the aircraft, the 
company found a University of Alabama professor who was 
extremely interested in foundry processes and Deere's 
research in a low-gravity environment. This individual's 
observations and knowledge of cast iron and theories of 
diffusion, nucleation, and dendrite growth have been in¬ 
valuable in Deere's planning of future research. This 
began a union of national laboratories, academia, and 
industry whereby each of the groups has a mission and 
special interest that also requires the input of the other 
groups. NASA has the facilities to conduct the experi¬ 
ments in space, the university has the mission of fundamen¬ 
tal research, and industry has the desire to commercialize 
the understanding gained. 

NASA has already performed some primer experiments 
and materials research in space. They have excellent 
facilities for conducting research in low gravity, such as 
drop towers, aircraft, and the space shuttle; furthermore, 
they are in the process of planning the space platform for 
the future. This distribution of facilities makes it possible 
for an organization to begin research in a modest way and 
determine whether it is worthwhile proceeding to the 
shuttle or to the space platform. As for Deere's experi¬ 
ence, the company performed tests in its own laboratory 
and then proceeded to test in aircraft. These tests 
revealed enough of benefit that Deere is now in the pro¬ 
cess of planning testing onboard the space shuttle. At 
this time, the company does not see the need for using the 
space platform in its experiments on cast iron. However, 
the more that is learned, the more Deere imagines and thus 
will not rule out the potential of conducting some type of 
future experiment on the space platform. 

The present author would also like to discuss the 
need for a multidisciplinary approach to low-gravity 
research. Dr. Szekely's chapter points out many research 
situations that would benefit from the input of several 
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disciplines. Indeed, the coordinated efforts of several dis¬ 
ciplines' research in a space environment will be more 
effective than the individual efforts of each discipline.^ 
Even on Earth, the multidisciplinary approach has proven 
to be extremely valuable. An illustrative example from 
Deere points out the diversity of input needed in its 
foundry processes. In its research to develop and improve 
metal-casting technology (i.e., the lost foam molding 
process), the company is applying the expertise of scien¬ 
tists from the following fields: foundry processes, che¬ 
mistry, computer modeling, metallurgy and mechanical 
properties. As Deere experimented with lost foam molding, 
it became necessary to bring in the following outside tech¬ 
nologies: 

o Fracture control from the University of Illinois 
o Concepts on the influence of convection from low- 
gravity tests with NASA 

o Thermal reactions of polymers and computer models 
from NASA and the National Bureau of Standards 
o New organic materials from a research institute 
o Computer-controlled vibrators from another 
company 

o Advanced core wash from a chemical supplier 
o Polymer technology from a plastic company 

Deere encourages NSF to consider the benefits of a multi¬ 
disciplinary approach in future research in a low-gravity 
environment. 

Japan, the Soviet Union, and many European nations 
are making determined efforts to conduct research on 
metals in low-gravity environments. The collaborative 
efforts of industry, government, and academia in each of 
these nations have resulted in extensive studies of the 
potential for research on materials in a low-gravity 
environment and specific research plans. Similarly, the 
United States should build on NASA's research to extend 
our knowledge of metals and alloys. The benefits of such 
efforts are twofold: 1) opportunities can be realized for 
the effective processing of these materials in a space 
environment and 2) experience from research conducted in 
a low-gravity environment will help in future terrestrial 
processing of these materials. 

If the United States does not proceed in a synergistic 
union of government, academia, and industry, it will not 
remain the leader in low-gravity research. NSF can aid in 
advancing our scientific knowledge, which will benefit the 
nation through the development of new or better commer¬ 
cial products and enhance our nation's economic com- 
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petitive position in the world marketplace. Support of this 
research at the universities will further expand their capa¬ 
bility to supply well-trained scientists and engineers to 
support U.S. industry. 


Reference 

Ipanel on Engineering Research Centers, National Academy of 
Engineering, Guidelines for Engineering Research Centers , 
National Academy of Engineering, Washington, DC, 1984, p. 1. 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


This page intentionally left blank 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


Chapter 6A 


Research on Containerless Melts in Space 

D.E. Day* and C.S. Rayt 
University of Missouri- Rolla, Rolla, Missouri 


Introduction 

Facilities provided by NASA have created new oppor¬ 
tunities to use space for scientific study and applied 
research. From the standpoint of materials, one of the 
most unique and important advantages of space is an envi¬ 
ronment of reduced gravity, typically 10to 10 - ® g. Low 
gravity has little effect on solids, but fluids are affected 
in several important ways, namely the reduction of hydro¬ 
static pressure, buoyant forces, natural convection, and 
sedimentation or segregation. Many materials, such as 
steels, alloys, glasses, and some refractories, are prepared 
from fluids and, therefore, are sensitive to gravity-driven 
processes. The opportunity to eliminate or minimize the 
often undesirable effect of gravity in fluids may help to 
achieve control over the microstructure, properties, and 
performance of many materials. It is not surprising, 
therefore, that materials scientists are being attracted to 
the unique laboratory of space for investigating materials. 
The possibility of achieving uniformly dispersed, multi¬ 
phase materials in low gravity is an important driving 
force for developing new composites that might never be 
prepared on Earth because of segregation due to gravity. 

Several basic phenomena arising from forces that are 
relatively weak, compared with those due to gravity, can¬ 
not be easily studied on Earth. Surface effects and inter¬ 
facial phenomena, concentration gradients in the absence of 
convection, the effect of cohesive or adhesive forces, 
diffusive transport in low-viscosity liquids, and the chemi¬ 
cal corrosion of a solid by a melt are a few topics that 
could be investigated more effectively in low gravity. 
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The near weightlessness of a solid or liquid in low 
gravity makes it unnecessary to support or hold the 
material in a container. This unique advantage of low 
gravity has generated new concepts about materials pro¬ 
cessing. Containerless melting or heat treating avoids 
undesirable effects such as chemical contamination or 
heterogeneous nucleation from the container. Thus, ultra- 
pure materials can be produced. Highly corrosive melts, 
for which a nonreactive container may not exist, can be 
processed in low gravity without serious difficulty and 
remain uncontaminated. 

The list of scientific investigations that can benefit 
from low gravity is becoming increasingly large. Described 
below are some of the apparatus being developed for con¬ 
tainerless processing in space, and an overview of re¬ 
search opportunities on containerless melts in space is 
given. 

Containerless Processing 

Zero gravity can, in principle, be achieved in any 
noninertial frame in which the d'Alembert forces balance 
the gravitational force due to Earth's acceleration. A truly 
zero-gravity environment can never be achieved in an 
orbiting spacecraft, so the terms "low gravity" or "micro¬ 
gravity" are commonly used. Accelerations associated with 
spacecraft trajectory, atmospheric drag, and crew movement 
lead to motions relative to the spacecraft's center of 
mass4 As a result, a residual gravitational acceleration, 
whose magnitude and direction change with spacecraft 
position and time, acts on any mass in the noninertial 
frame. Depending on the nature of the residual gravity 
vector, the elementary mass drifts in an irregular way. To 
accurately perform containerless processing, the experimen¬ 
tal sample needs to be held in a fixed position by an 
externally generated force, the intensity of which depends 
on the gravity level of the spacecraft. Before discussing 
the different means of sample positioning, the 
containerless-processing facilities currently available are 
discussed briefly. 

Containerless Processing Facilities 

NASA has developed several facilities in which low 
gravity can be achieved for different time periods. These 
include drop towers on Earth, specially designed aircraft 
and rockets, and the space shuttle. The level and dura¬ 
tion of gravity attained in these facilities are summarized 
in Table 1. Depending on the nature of the experiment, 
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one or more of these facilities can be used for low-gravity 
research. 

Drop Tower . A drop tower is a convenient device for 
performing, on Earth, low-gravity experiments of short 
duration. It essentially consists of a long steel tube of 
relatively small diameter. A sample released at the top of 
the tube experiences a free-fall condition (zero-gravity 
simulation) for a few seconds. Several drop towers of 14 
m to 100 m in length and about 10-em diam are now in 
operation,L2 j n which a free-fall time up to a maximum of 
5 s is obtained. 


Aircraft . KC-135 and F-104 aircraft frequently are 
used for low-gravity research. Low gravity is achieved by 
flying a prescribed parabolic trajectory. In a single tra¬ 
jectory, the gravity level attained in a KC-135 is 
10 - 2-10~3 g for nearly 25 s and 10 - 1 to 3 x 10“2 g for 
nearly 60 s in an F-104. The cumulative time at reduced 
gravity can be increased, though intermittently, by 
repeating the trajectory several times in a single flight. 

In the KC-135, technicians can perform real-time experi¬ 
ments, but in the F-104, with only a pilot on board, the 
experiments need to be fully automated. 


Rockets . NASA's Space Processing Applications Rock¬ 
et (SPAR) Program, started in 1975, provides gravity 
levels as low as 10~5 g for periods of 5-7 min. Black 
Brant VC sounding rockets, launched from White Sands 
Missile Range in New Mexico, were used in the program. 
Experiments were fully automated and designed to with¬ 
stand both harsh launch and recovery environments. The 
opportunity provided by this program was used by scien- 


Table 1 Duration and gravity level attained in different facilities 


Facility 

Gravity level 
(g) 

Duration 
reduced gravity 

Drop tower 

»10 -8 

(simulation only) 

2-5 s 

Aircraft 

10‘ 2 - 10 -3 

30-60 s 

Rocket 

«10 -5 

5-7 min 

Space shuttle 

=10~ 6 

Typically 10 days 
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tists conducting research under low-gravity conditions on 
more than 40 experiments. Many experiments dealing with 
materials were conducted in the nine SPAR flights. 

Space Shuttle . A truly low-gravity environment 
(<10~° g) can be achieved for more than 10 days in the 
space shuttle, and experiments requiring low gravity for 
longer periods of time will be possible on planned "free 
flyer" platforms. The relatively smooth launching and 
landing of the space shuttle makes it attractive to scien¬ 
tists using sophisticated and sensitive experiments. Many 
experiments ranging from medical to military science have 
been successfully completed in space shuttle flights. 

Sample Positioning (Levitation) Technique 

Containerless processing in low gravity requires some 
means of controlling the position of a sample to prevent it 
from drifting into contact with a foreign surface. For a 
residual gravitational vector of 10“4 g in an orbiting 
spacecraft, the terminal drift velocity of a particle after 
60 s will be about 6 cm/s, and it will have drifted 176 cm. 
The drift velocity and drift distance at 10"® g will be 0.06 
cm/s and 1.8 cm, respectively. This drift usually is objec¬ 
tionable, as, for example, when it is necessary to position a 
sample at the maximum temperature zone inside a furnace. 
For gravity levels between 10~4 to 10 _ ®, sample positioning 
can be achieved with relatively small forces that reduce 
unwanted side effects such as inhomogeneous heating, 
vibrations, convection, and deformation. Methods using 
forces from electrostatic,^ electromagnetic,^ or acoustic 
fields,from high-velocity gases flowing through a 
constricted tube°>^ or from gas jets have been used to 
position or levitate a sample. Each method has specific 
advantages, and no single method appears satisfactory for 
all types of liquids (from metals to nonmetals). Prototypes 
are being developed, but a reliable and fully operational 
apparatus for levitating melts at temperatures above 
1,500°C is not available at present. The different types of 
levitating devices being developed are described briefly 
below and compared in Table 2. 

Aerodynamic Levitation . There are two methods of 
aerodynamic levitation. In one, the sample is levitated by 
using a gas flowing at high speed through a constricted 
tube. The levitation force results from the decrease in 
momentum of the gas as it passes around the sample. It is 
difficult to obtain stable positioning using this method, 
particularly for low-viscosity liquids, and feedback control 


X 
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is required. This technique is potentially useful for con¬ 
tainerless experiments on Earth, but is not being actively 
considered for space experiments at present. A second 
aerodynamic technique uses air jets to support a spherical 
sample much as a Ping-Pong ball is supported on a flowing 
gas stream. 

Electromagnetic Levitation . In this method, the sample 
is placed in an alternating electromagnetic field. The force 
generated by the interaction of the magnetic field with 
eddy currents induced in the sample holds the sample in 
the desired position. The sample also is heated by the 
eddy currents. For a specific sample, a balance between 
the heating power and the levitation force is achieved by 
adjusting the shape of the electromagnetic coil and the 
power and frequency of the electromagnetic field. This 
technique has the advantage that it can be used in a 


Table 2 Advantages and disadvantages 
of different levitation techniques 


Levitation 

technique 

Advantages 

Disadvantages 

Aerodynamic 

Easy to fabricate 
Suitable for any 
type of material 

Stable levitation is 
difficult to achieve 
Feedback control 
required 

No vacuum 

Electromagnetic 

Can operate in vacuum 
thereby avoiding con¬ 
tamination from a 
gaseous atmosphere 
Stable positioning is 
possible 

Only suitable for 
electrical conductors 
Generates unavoidable 
heating and convection 
in the melt 

Electrostatic 

Can operate in vacuum 

Stable positioning 
difficult, feedback 
control required 
Levitation increas¬ 
ingly difficult for 
materials with low 
polarizability 

Acoustic 

Stable positioning is 
possible 

Very weak thermal and 
mechanical distur¬ 
bances 

Suitable for any type 
of material 

Requires a gaseous 
atmosphere—no vacuum 
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vacuum, thereby avoiding contamination of the sample by 
the surrounding atmosphere. An important limitation for 
electromagnetic levitation is that the material must be a 
fairly good electrical conductor. For levitation in space, a 
minimum conductivity of 10 (ohm-cm) _ l is required. An 
electromagnetic levitator is being developed by NASA for 
use on the space shuttle. 

Electrostatic Levitation . An electrostatic field gener¬ 
ated between two or more electrodes can be used to levi¬ 
tate a nonconducting dielectric material. Like 
electromagnetic levitation, it can be used in a vacuum, 
thereby eliminating the possibility of contamination from 
the surrounding atmosphere. Because a static electric 
field cannot provide stable positioning, feedback control to 
monitor and correct the position of the sample is 
necessary. 

Acoustic Levitation . In the acoustic method, a sample 
is levitated at the potential energy minimum (low-pressure 
nodal regions) of a sound field confined between a sound 
source and a reflector (Fig. 1). The diameter of the re¬ 
flector rod should be about one wavelength (X) of the 


REFLECTOR 



1 INTENSE ULTRASONIC 
I SOUND BEAM 



Fig. 1 Schematic of single-axis acoustic levitator showing location 
of energy well. 
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sound used for levitation. A standing sound wave is es¬ 
tablished between the sound source and the reflector, and 
a potential energy well is created at a distance slightly 
greater than X/4 from the reflector end (typically 1-3 cm). 
Other small energy wells also may exist below this primary 
well; however, by selecting a proper design, in the same 
way as controlling reverberations in an auditorium, these 
secondary wells may be made small enough so as to not 
interfere with the primary well. To obtain a single, well- 
defined potential energy well, primary consideration must 
be given to the sound absorption of the furnace atmos¬ 
phere at the operating temperature, furnace cavity size 
and acoustic path length, and the nature and shape of the 
reflecting surface. 

The axial force distribution through an energy well of 
an acoustic levitator operated at 1 g and 1600°C is plotted 
in Fig. 2 for a specimen 1 cm in diameter. Integration of 
the curve in Fig. 2 leads to the characteristic potential 
energy distribution shown in Fig. 3. Objects are levitated 
in the trough of the potential energy well. The corres¬ 
ponding potential energy distribution along the radial 
direction is shown in Fig. 4, which is similar but broader 
than that in Fig. 3. Also, the depth of the potential 
energy minimum is smaller in the radial direction than that 
in the axial direction. The probability of a specimen 
escaping from the potential energy well, therefore, is 
higher for the radial direction. 



DISTANCE FROM REFLECTOR (CM) —- 

Fig. 2 Force distribution through the energy well of a single¬ 
axis acoustic levitator. 
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The advantage of acoustic levitation is that any 
material, conductor, or insulator, magnetic or nonmagnetic, 
whose density is considerably higher than that of the sur¬ 
rounding gas, can be levitated. Sample dimensions are 
limited (usually 1-2 cm), however, because the sample 
should be significantly smaUer than the sound wavelength 
used for levitation to achieve stable positioning. All 
experiments also must be conducted in a gaseous atmos¬ 
phere, which is required for the propagation of the sound 
wave. 

The acoustic levitator just described consists of a 
single sound source and a reflector and is known as a 



Fig. 3 Potential energy distribution through an acoustic energy 
well in the axial direction, single-axis levitator. 



Fig. 4 Potential energy distribution through an acoustic energy 
well in the radial direction, single-axis levitator. 
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single-axis levitator. Described in Ref. 10 is the latest 
version of a single-axis levitator/furnace capable of pro¬ 
cessing materials up to 1600°C and developed for NASA by 
Intersonics, Inc., Northbrook, Illinois. Typical operational 
data of the levitator/furnace is given in Table 3. 

A triple-axis acoustic levitator LH that uses three 
sound sources and reflectors in mutually orthogonal direc¬ 
tions also is being developed for containerless research in 
space. In a single-axis levitator, the specimen is con¬ 
strained to move in a plane perpendicular to the line 
joining the driver and the reflector. In a triple-axis 
system, when all three drivers are excited, the specimen is 
located at a point, which is the intersection of three axes 
(Fig. 5). This allows stable positioning of the sample and 
makes it possible to rotate or spin the sample about any 
desired axis. A contactless specimen translation from one 
part of the furnace to the other also is possible. By con¬ 
trolling and adjusting the acoustic forces in any of the 
techniques (single- or triple-axis), liquid samples can be 
deformed to simple shapes. The temperature capability of 
the triple-axis levitator is not very high (~600°C) present¬ 
ly, and work is now under way to increase its temperature 
range. 

Single- and triple-axis levitators have been used in 
several containerless experiments. Their capabilities have 


Table 3 Operational parameters for 
single-axis acoustic levitator/furnace 


Parameter 

Measure 

T emperature max 

1600°C 

Heating rate max 

2°C/s above 800°C 

Cooling rate 

variable and controlled, 
30° C/s max 

Power requirement 

2800 W 

Frequency of sound source 

15 kHz 

Continuous operation time max 

1 h 

Sample insertion time 

1 s 

Specimen size 

6 + 1 mm 

Number of samples max 

8 
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Fig. 5 Three-axis acoustic levitator; energy well is at intersec¬ 
tion of X, Y, and Z planes. 


been verified at low gravity in KC-135 airplanes and in 
several rocket flights (SPAR 4-8). The single- and triple¬ 
axis levitator/furnaces have been used for containerless 
experiments on glass-forming systems on recent space 
shuttle flights, and the results are encouraging. 

Research Opportunities for Containerless Melts 

Containerless processing in space offers new opportu¬ 
nities in two broad respects: 1) for conducting research 
on properties and phenomena that, on Earth, are seriously 
affected by such things as gravity-driven convection, con¬ 
tamination from a container, and sedimentation; and 2) for 
the unique processing of materials. These materials, pro¬ 
cessed in an unsupported manner, may have unique 
properties and could find use in special engineering and 
technological applications. As mentioned earlier, there are 
many research areas that could benefit from low gravity. 

In addition to low gravity, many experiments might be best 
performed without a container. These experimental areas 
are summarized in Table 4 and are discussed in the 
following sections. 

Scientific Studies of Properties/Phenomena 

High-Temperature Property Measurement . Reliable 
data on thermophysical properties at high temperature 
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Table 4 Research opportunities for containerless melts 


Scientific studies of properties/phenomena 

o High-temperature property measurements 
o Nucleation, crystallization, and glass formation 
o Immiscible liquids 

o Transport processes/melt homogenization 
o Studies and control of weak forces 
o Surface studies 

Processing of materials for engineering/technological applications 

o Ultrapure materials 
o Composites of unique microstructures 
o New metallic/nonmetallic glasses 
o High-temperature treatment 
o Unique shaping 
o Crystal growth 


(above 1600°C) are not available for many materials, espe¬ 
cially for those that are highly corrosive or refractory and 
for which there is no suitable container material. The con¬ 
tainerless technique provides an uncontaminated and 
unsupported sample at any desired high temperature so 
that its properties can be determined, provided suitable 
noncontact means of measuring these properties are avail¬ 
able. Several methodsl2“14 c f determining the thermophy¬ 
sical properties of unsupported samples at elevated 
temperatures have been developed. For example, heat 
capacity and thermal diffusivity can be determined from 
the rate of cooling for a known amount of sample.!® Sur¬ 
face tension and viscosity can be calculated by setting a 
liquid sphere into oscillation and measuring its period and 
damping rate.!® The emissivity can be determined by 
measuring the power input to a sample and the radiation 
output.^' One serious limitation of the high-temperature 
property measurement is that a specimen at high tempera¬ 
tures for an extended period of time can undergo, for 
example, chemical reactions, heat dissipation, and evapora¬ 
tion, which interfere with an accurate determination of the 
properties. A dynamic technique for measuring the 
properties at high temperature in a short period of time 
(less than Is) has been developed at the National Bureau 
of Standards.!® It is claimed that this technique can be 
used in low gravity to measure properties such as heat 
capacity, electrical resistivity, hemispherical total emittance, 
normal spectral emittance, thermal expansion, melting tem¬ 
perature, heat of fusion, temperature and energy of solid- 
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solid phase transformations, and properties associated with 
time-dependent relaxation processes. 

Nucleation/Crystallization and Glass Formation . One 
of the major advantages of containerless processing is the 
elimination of container-induced impurities and surfaces 
that act as nucleation sites (heterogeneous nucleation) for 
crystallization. In homogeneous nucleation, random compo¬ 
sitional fluctuations in the liquid initiate the formation of 
small structural groups resembling those in crystals. The 
net free-energy change, W, on forming these nuclei (or 
embryos) is given by™ 

W = -4/3 irr 3 AG/V m + 47rr 2 a (1) 

where AG is the increase in free energy per mole on form¬ 
ing a spherical nucleus of radius r, a is the interfacial 
energy between the crystal nucleus and the surrounding 
liquid, and V m is the molar volume. 

The variation of W with r in Fig. 6 shows that 
embryos of radius lower than some critical values r* are 



Fig. 6 Energy to form a spherical nucleus (W) as a function of 
nucleus radius (r). 
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thermodynamically unstable, but they become stable and act 
as potential sites for crystallization when they are larger 
than r '. Gravity-driven convection and segregation may 
increase the frequency of local fluctuations and hence the 
probability of forming nuclei of critical size. This may 
also cause a net increase in homogeneous nucleation. 

Glass formation, when considered as a kinetic phenome¬ 
non, is the opposite of crystallization. The net volume 
fraction, V c , of crystals in a melt depends on 1) the over- 
aU nucleation (homogeneous and heterogeneous) frequency, 

I, and the crystal growth rate, u, which both are functions 
of temperature, T; and 2) time, t, as20“23 

V c = ir/3 I(T)u 3 (T)t 4 (2) 

If the melt is cooled at a sufficiently high rate so 
that it is devoid of any detectable crystallization, the pro¬ 
duct is called "glass” (V c < 10”®). Depending on the 
characteristics of any particular system, there exists a 
minimum cooling rate for which the level of crystallization 
is just detectable (V c i 10“®). This is known as the 
critical cooling rate, R c . I and u vary with temperature 
and exhibit a maximum where the increasing thermodynamic 
force for crystallization on undercooling is counteracted by 
the increasing viscosity of the melt. The combined effect 
of I and u results in a nose-shaped curve (Fig. 7) on a 
temperature-time plot,24 where T n is called the nose tem¬ 
perature and the corresponding time, t n , is the nose time. 
An approximate critical cooling rate, R c , derived from this 
curve is 


R c ~ dT/dt ~ AT/t n (3) 

where AT = Tj, - T n (Tl is the liquidus temperature). 

If container-induced heterogeneous nucleation is com¬ 
pletely suppressed in low gravity, then crystallization is 
determined by the inner curve of Fig. 7, which results 
from homogeneous nucleation. Consequently, R c for glass 
formation will be lower, and the glass-forming ability of 
the material is increased. A further reduction in R c also 
is expected if the T-versus-time curve for homogeneous 
nucleation (Fig. 7) is displaced away from the temperature 
axis due to a lower probability of forming critical-size 
nuclei in low gravity. Limited evidence of this possibility 
is provided by a recent experiment in low gravity on 
germanium-antimony-sulfur glasses. It has been 
reported25 that glasses made in low gravity were more 
resistant to bulk crystallization than identical samples 
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melted on Earth because of the smaller number of nuclei 
they contained. 

In experiments on Earth, heterogeneous nucleation/ 
crystallization usually predominates, and it is difficult to 
study homogeneous nucleation in a totally independent 
fashion. Heterogeneous nucleation at container surfaces 
should be eliminated in containerless experiments in space, 
so it should be possible to study homogeneous nucleation 
processes in high-temperature melts more thoroughly. 

Another direct consequence of the absence of hetero¬ 
geneous nucleation is that a higher degree of undercooling 
can be achieved in a melt. Evidence for this has been 
reported^ 26,27 f or niobium-germanium alloys, where an 
undercooling exceeding 500-700°C below the normal 
freezing point has been observed. With such deep under¬ 
cooling, solidification can occur so rapidly that metastable 
phases can form and produce unique microstructures. 

This deep undercooling, which is obtainable in low gravity, 
provides an opportunity to produce metastable phases that 
cannot be obtained from equilibrium solidification. 

Immiscible Liquids . Many multicomponent molten sys¬ 
tems form immiscible liquids, that is, a compositional field 
where more than one liquid of different compositions can 
exist in equilibrium. This type of microphase demixing 
becomes possible when the free energy of the system is 
lowered by separation into two phases. The free energy. 
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Fig. 7 Typical time-temperature-transformation curve for a material. 
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AG, for mixing at a temperature, T, can be expressed as 

AG = AH - TAS (4) 

where AH and AS are, respectively, the heat and entropy 
of mixing and both are functions of composition. When AH 
has a negative or small positive value, the general type of 
free-energy curve shown in Fig. 8 is obtained, which is 
characteristic of two miscible liquids. 

If AH exceeds TAS, the free-energy curve contains 
maximum and minimum as shown in Fig. 9. Any composition 


COMPOSITION 



Fig. 8 Plot of free energy versus composition for a melt when AH 
is negative (miscible system). 



Fig. 9 Plot of free energy versus composition for a melt when AH 
is positive (immiscible system). 
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COMPOSITION 


Fig. 10 Relation between free-energy diagram, immiscible region, 
and spinodal decomposition. 

A between B and C in this system will not be stable and 
eventually will separate into two phases corresponding to 
compositions B and C where the free energy of the system 
is a minimum. The relative concentration of the two 
phases is determined by the usual lever-rule principle. 

The solubility of one liquid into another usually increases 
with increasing temperature (by increasing the magnitude 
of TAS in Eq. [4]), where the magnitude of inflection in 
the free-energy curve decreases. At a certain critical 
temperature, T c , known as consolute temperature, the 
inflection completely disappears and the two liquids become 
completely miscible. 

Phase separation within the immiscibility region takes 
place primarily by two processes: 1) nucleation and 
growth (NG), which has been discussed above; and 2) spi¬ 
nodal decomposition. A temperature-versus-composition 
curve for systems lying within the immiscibility range has 
a shape like that shown in Fig. 10, known as the immisci¬ 
bility dome. The inner curve results from the locus of 
inflection points in the AG-versus-temperature curve and 
is known as the spinodal. Melts within the hatched area, 
that is, between the immiscibility dome and spinodal boun¬ 
dary, separate into two phases by the process of nuclea¬ 
tion and growth. Those within the spinodal boundary 
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separate spontaneously (spinodal decomposition) into two 
phases without a nucleation step. The morphology of the 
second phase separated by the NG process is usually 
spherical with very little connectivity, whereas those 
separated by spinodal decomposition are nonspherical with 
high connectivity. Phase separation by the NG process 
requires a local compositional/structural fluctuation to form 
a nucleus of critical size that is accelerated by, for 
example, convection and segregation. Phase separation by 
spinodal decomposition requires diffusion only. 

In low-viscosity liquids such as alkaline earth borates 
and metals, it is difficult to study the mechanism and kine¬ 
tics of phase separation on Earth, because the two liquids 
have different densities and readily separate into light and 
heavy liquids. In space, where density-driven motion is 
greatly suppressed, the mechanism of phase separation in 
liquids can be studied without interference from gravity- 
driven convection. Studies in space can provide valuable 
scientific information and potentially produce composite 
materials with interesting microstructures. 

Transport Processes/Melt Homogenization . Mass or 
heat transport in a melt is governed mainly by two pro¬ 
cesses: convection, which is a bulk process, and diffusion, 
which is basically a microscopic process that produces an 
observable macroscopic effect. Convection in a melt 
results primarily from two forces: a gravity-driven buoy¬ 
ant force due to density differences, and a force asso¬ 
ciated with surface tension. If a temperature gradient is 
created within a liquid bounded by a free surface, a gra¬ 
dient in surface tension is established. This gradient 
creates flow in the liquid because regions where the sur¬ 
face tension is high move to a higher temperature where 
the surface tension is lower. This movement produces a 
convection current in the melt that is known as Marangoni 
flow or thermocapillary convection. Surface-tension-driven 
flow was demonstrated by Young et al., 23 who applied a 
temperature gradient in the downward direction, to prevent 
bubbles from rising due to buoyancy. 

The relative effect of gravity-induced and surface- 
tension-induced convection is given by two dimensionless 
numbers; namely, the Grashof number (G r ) and the Maran¬ 
goni number (M a ), which are expressed as 

G r = figL 3 p 2 AT/M 2 (5) 


and 


M a = (da/dT) LAT/pk 


(6) 
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where a is surface tension, p is density, y is viscosity, k 
is thermal diffusivity, 0 is the coefficient of thermal expan¬ 
sion of the liquid, L is the dimension of the sample, AT is 
the temperature difference, and g is the acceleration due 
to gravity. 

On Earth, the large value for g causes, in most 
instances, the Grashof number to be much higher than the 
Marangoni number so gravity-driven convection usually 
predominates over Marangoni flow. In low gravity, how¬ 
ever, G r can become negligibly small compared to M a , and 
surface-tension-driven flow can become as large as 
buoyancy-driven flow at 1 g, provided a temperature gra¬ 
dient exists within the melt. 

On Earth, the contributions of different transport 
processes are difficult to separate, so the combined effect 
of several different processes usually is observed. In low 
gravity, transport due to convection arising from both 
buoyancy and Marangoni flow can be suppressed, as has 
been demonstrated experimentally. 30 The contribution 
of diffusion-controlled transport therefore can be studied 
independently, and more accurate information about the 
microscopic nature of the material can be obtained. In a 
recent experiment,^ the corrosion of vitreous silica by a 
sodium silicate melt was investigated in low gravity, and 
the results were compared with measurements conducted 
under identical conditions on Earth. The system in space 
showed undisturbed and longer diffusion profiles and 
higher interdiffusion coefficients. 

One potential disadvantage of low gravity is the 
problem of melt homogenization and fining (removal of gas 
bubbles), which usually takes place on Earth by buoyancy- 
and gravity-driven convection. Work is under way to 
develop a levitation system that will be able to rotate, 
spin, and shape a molten specimen, but present capability 
is far from satisfactory. Conceptually, Marangoni flow, 
created by a temperature gradient, could be used to 
remove bubbles from a melt in low gravity. Bubbles in a 
melt can be made to move to a localized hot spot where 
they can coalesce and where lower interfacial energy 
should cause them to be destroyed. The feasibility of pro¬ 
ducing bubble motion and coalescence by surface-tension- 
driven flow is being investigated^ 1*32 as a process of 
fining melts in low gravity. 

Surface Properties . The equilibrium bonding arrange¬ 
ment of the ions or atoms situated in the bulk of a materi¬ 
al does not exist for ions at the surface. Ions or atoms at 
the surface (e.g., for a solid in contact with liquid or gas) 
always have a lower coordination number than do similar 
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ions in the bulk. As a consequence, the structure, com¬ 
position, and, hence, all the properties (e.g., physical, che¬ 
mical, thermal, optical) Of a surface are significantly 
different from those of the bulk. 

A major difference between the structure of the sur¬ 
face layer and that of the bulk is that the surface ions 
have a greater anharmonicity (and hence a higher entro¬ 
py) of thermal vibrations. The increase in vibrational 
entropy lowers the free energy of the system favoring the 
spontaneous formation of surface regions. This also enhan¬ 
ces material transport processes across the surface and 
makes the surface more reactive than the bulk. As a par¬ 
ticular example, it is well-known that molten glass and 
metals do not react uniformly with refractory containers, 
but are most corrosive at the melt-refractory-air interface. 

In containerless melts in low gravity, it should be 
possible to investigate an uncontaminated (pristine) and 
unsupported surface. Many properties and phenomena, 
such as strength, stability or durability, surface flow, sur¬ 
face nucleation and crystallization, ion-exchange reaction, 
surface-surface interaction, and rate of gas evolution or 
vaporization, can be studied to gain a better understand¬ 
ing of the physical, chemical, and structural characteristics 
of surfaces. 

Study and Control of Weak Forces . The forces acting 
on a material in low gravity are not different from those 
on Earth, but many of these forces are insignificant on 
Earth compared with those arising from gravity. For 
example, surface tension becomes highly important in low 
gravity. In a low-gravity environment, it is therefore 
possible to study the effect of weak forces, especially 
those arising from electric, magnetic, or acoustic fields, on 
the shape and compositional distribution of liquids of dif¬ 
fering viscosity and surface tension. It may be possible to 
use these weak forces to control the shape of a melt. 

Unique Materials Processing 

Ultrapure Materials . It is obvious that a container- 
less-melted material will be free from any contamination 
ordinarily introduced from a container. Containerless pro¬ 
cessing therefore provides a means of preparing ultrapure 
materials that might be useful as reference standards. 

Even extremely low levels of impurities in many materials, 
for example, laser glasses, optical waveguide glasses, and 
electronic semiconductors, often limit their performance in 
practical applications. Containerless processing offers an 
attractive means of preparing such materials. High-purity 
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substances that are chemically corrosive and for which no 
unreactive container material is available on Earth also can 
be prepared by this technique. 

N ew Vitreous (Glassy) Materials . Vitreous materials 
norma’y are prepared by cooling a melt rapidly enough to 
avoid crystallization. As discussed above, impurities 
introduced by a container at the melt-container interface 
can act as nucleation sites (heterogeneous nucleation) for 
crystallization and prevent glass formation on Earth. The 
elimination of such container-induced nucleation and crys¬ 
tallization offers the possibility of extending the glass for¬ 
mation region in space to systems that may possess useful 
properties. The absence of heterogeneous nucleation also 
increases the likelihood of achieving a high degree of 
undercooling. In containerless melting, the elimination of 
heterogeneous nucleation along with the associated under¬ 
cooling can be used to prepare new glass compositions 
(nonmetallic and metallic) with improved properties. 

Composites . As discussed earlier, a melt on Earth 
inside the immiscibility region separates into two liquids 
that segregate into two distinct layers. As there is no 
buoyancy in low gravity, the segregation of the liquid 
phases into two layers can be avoided, and a composite 
material consisting of one phase uniformly distributed in a 
second matrix phase can be obtained. Such composites 
could possess unique properties and microstructures. 
Evidence of a significant reduction in liquid-liquid phase 
separation and an increasing uniformity of phosphate 
glasses processed in space has been reported.3b One can 
prepare such composites in low gravity using a container, 
but the preferential wetting of the container material by 
one phase over the other can cause macroseparation of the 
two phases. Such a massive phase separation due to pre¬ 
ferential wetting has been reported^ for aluminum-indium 
(Al-In) alloys in experiments conducted on previous SPAR 
rocket flights. The Al-rich phase was reported to be 
surrounded by an In-rich phase that appeared to com¬ 
pletely wet the aluminum oxide container used for this 
experiment. 

The efficiency of solid-state optical quantum genera¬ 
tors (for example, laser glass) can be increased by 
increasing the concentration of activator ions in a host 
matrix. Some laser glass compositions have a nonuniform 
microstructure that makes it impossible to introduce more 
than 5% of the activator ions. Higher concentrations of the 
activator cause it to segregate into one of the phases and 
this causes concentration quenching of the fluorescence 
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output. In low gravity, a significant improvement in 
structural uniformity is expected such that a higher per¬ 
centage of activator ions can be incorporated into the 
glass for a higher lasing efficiency. In an experi¬ 
ment*^ conducted in space by the USSR, as much as 10% 
neodymium oxide (Nd 203 ) was incorporated into a laser 
glass, whereas, more than 2% Nd £03 in glasses made on 
Earth produced significant concentration quenching. 

Special Shaping . Macroballoons. Containerless pro¬ 
cessing should allow the fabrication of larger diameter 
glass balloons with the uniformity, sphericity, and concen¬ 
tricity needed for use in nuclear fusion technology as 
inertial confinement fusion (ICF) targets. The current ICF 
targets being filled with deuterium-tritium (DT) are only 
0.05-0.20 mm in diameter. Thermonuclear fusion is created 
by irradiating the gas-filled shell with a high-power laser 
or electron beam. Larger balloons should increase the 
energy output, but the precise dimensions required for 
balloons several millimeters in diameter have not been 
achieved on Earth. Attempts at producing larger balloons 
have resulted in nonuniform wall thickness and distorted 
shapes. Containerless processing in low gravity is a po¬ 
tential method of fabricating larger glass balloons of the 
required dimensional tolerances. 

Lenses. Shaping a containerless melt should be pos¬ 
sible using either forces used for levitation or by the 
application of other forces. Materials shaped in this way 
are unique in that no mechanical stress or distortion is 
produced in the material as a result of treatments like 
cutting, grinding, or polishing. Conceptually, it should be 
possible to fabricate lenses to the required shape without 
grinding and polishing and thereby retain a pristine, fire- 
polished surface of nearly perfect optical properties. 

Heat and Surface Treatment . Materials commonly are 
given some type of thermal treatment for the purpose of 
annealing, tempering, strengthening, chemical machining, 
flame polishing, and, in certain glasses, for controlled 
crystallization, coloration, or photochromic action. Depend¬ 
ing on the composition, there is a maximum usable tem¬ 
perature on Earth above which the material undergoes 
appreciable deformation. In low gravity, materials can be 
heat-treated at higher temperatures because of the absence 
of gravity-induced flow and distortion. As an example, the 
preparation of glass-ceramics by controlled crystallization 
could require heat-treating temperatures close to the 
glass-softening temperature. Such glasses could not be 
heat-treated in this way on Earth without risk of consider- 
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able deformation. In low gravity, glass-ceramics could be 
prepared without distortion in a temperature region that is 
inaccessible on Earth and where new microstructures 
possessing beneficial properties could be obtained. 

Another important application is the mechanical 
strengthening of a material by the process of ion exchange 
(i.e., chemically strengthened glass). In this method, a 
small ion in a material is replaced by a larger ion to pro¬ 
duce large compressive stresses on the external surface of 
the material. On Earth, this process is limited to a temper¬ 
ature at which no significant deformation can occur. In 
space, the ion-exchange process could be performed at 
higher temperatures without distortion because the reaction 
would occur faster. Thicker and therefore more abrasion- 
resistant ion-exchange layers could be created in shorter 
times. It is conceivable that divalent cations in glass, 
whose mobility is too low for exchange at the temperatures 
usable on Earth, could be exchanged so that even stronger 
materials could be produced. 

Because it is not necessary to support or physically 
touch any part of a material in low gravity, surface treat¬ 
ments, especially coating the surface of complex shapes, 
can be performed with great precision. In fabricating ICE 
targets, it may be desirable to coat the glass balloons con¬ 
taining the DT fuels at high pressure with successive 
layers of a high-Z (atomic number) metal, a polymer, and a 
low-Z metal. Low gravity offers advantages in providing 
coatings of the needed thickness, uniformity, and surface 
finish for each layer. 

Crystal Growth . Semiconductor single crystals 
constitute the basic components of solid-state electronics. 
Their efficiency depends on their chemical and structural 
purity. Single crystals normally are grown from a melt, 
but contamination from a container and gravity-driven con¬ 
vection always introduce some compositional and structural 
defects that lower their performance. Promising results 
have been obtained in the float-zone crystal growth tech¬ 
nique where the crystal is grown in a quasicontainerless 
manner. In this technique, a liquid bridge is formed by 
melting the central portion of a rod with the melt held in 
place by surface tension. 

On Earth, the length of the melted zone is limited by 
hydrostatic pressure (weight) and the sagging melt pro¬ 
duces nonplanar isotherms near the growth interface. In 
low gravity, the hydrostatic pressure is eliminated and the 
float-zone technique for preparing high-purity single crys¬ 
tals can be extended to systems whose surface tension is 
too low to support zones of useful size on Earth. 
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Table 5 Flight sample selection 


Sample, composition in mol % Purpose/objective 


1. AI2O3 


2. 39.3%-Ga 2 0 3 /35.7%-CaO/25%- 

Si0 2 , hot-pressed contain¬ 
ing large (-100ym) Si0 2 
particles 


3. Hollow glass shell (Pyrex)* 


4. 39.3%-Ga 2 0 3 /35.7%-CaO/25%- 
Si0 2 devitrified glass with 
colored droplet on external 
surface 

5. 33.3%-Na 2 0/66.7%-B 2 0 3 , 
glass containing gas 
bubblest 


6. 56%-Ga 2 O a /44%-CaO. 
devitrified glass 

7. 50%-Pb0/50%-Si0 2 , hot- 
pressed 


8. A1 2 0 3 


Operational check of acoustic 
levitator/furnace 

Study melt homogenization and 
assess precursor preparation 
procedure; comparative 
property analysis with 
terrestrial sample 

Feasibility study of preparing 
glass macroballoons 

Study melt homogenization and 
acquire visual evidence for any 
mixing in the melt; comparative 
property analysis 

Acquire data for bubble 
behavior (movement, 
dissolution, coalescence); 
assess melt rotation 

Determination of enhanced 
glass formation; comparative 
property analysis 

Study homogenization and 
assess precursor preparation 
procedure; comparative property 
analysis 

Operational check of acoustic 
levitator at maximum 
attainable temperature 


Note: A1 2 0 3 is aluminum oxide; Ga 2 0 3 is gallium oxide; CaO is 

calcium oxide; Si0 2 is silicum oxide; NA 2 0 is sodium oxide; 
B 2 G 3 is borum oxide; PbO is lead oxide. 

^Furnished by Los Alamos National Laboratories, Los Alamos, NM. 
'Furnished by R. S. Subramanian, Clarkson College, Clarkson, NY. 


Experiments in Progress 

The authors of this paper are conducting NASA- 
sponsored research on the containerless processing of 
glass-forming melts. Several experiments with different 
objectives are being conducted on a space shuttle flight by 
using a single-axis acoustic levitator/furnace. Apart from 
studying the suitability of the single-axis acoustic levitator 
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for processing multicomponent, glass-forming melts in low 
gravity, the principal objectives of this program are to 

o Obtain quantitative evidence for the suppression of 
heterogeneous nucleation/crystallization in con¬ 
tainerless melts 

o Study melt homogenization in the absence of 
gravity-driven convection 

o Determine the feasibility of preparing glass macro¬ 
balloons 

o Develop procedures for preparing uncontaminated 
precursor samples suitable for space experiments 

o Perform a comparative property analysis of glasses 
melted on Earth and in low gravity 

A description of the samples to be used and their 
respective purposes is given in Table 5. Samples 2, 4, 6, 
and 7 will be used to study glass formation in space by 
comparing the critical cooling rate for glass formation of 
samples on Earth with the critical cooling rate of identical 
samples melted in space where heterogeneous nucleation 
from a container wiU be absent. These samples also will 
be used to compare the properties of Earth- and space- 
melted glasses. In addition, samples 2, 4, and 7 will be 
used to study melt homogenization processes in space. 

The degree of chemical homogeneity achieved in the space- 
processed samples will be compared with the inhomogeneity 
initially present in the precursor samples and with the 
homogeneity of samples processed under identical condi¬ 
tions on Earth. To acquire visual evidence of the pres¬ 
ence or absence of fluid flow in the melt, a colored mark 
has been put on the external surface of sample 4. Any 
motion of this spot due to fluid motion will be marked by a 
colored trail. Further evidence of melt mixing and the 
effect of Marangoni flow will be obtained from sample 5 by 
observing the motion and movement of internal gas 
bubbles. Sample 3 will be used to assess the feasibility of 
preparing glass macroballoons in space. 

An important practical task is to determine the suita¬ 
bility of hot-pressed (sintered) precursor samples for con¬ 
tainerless melting. Precursor samples made by sintering/ 
hot pressing (samples 2 and 7) have the advantage of 
being prepared easily without contamination from a con¬ 
tainer. Thus, the degree of chemical inhomogeneity that 
can be tolerated in a hot-pressed precursor from which a 
chemically homogeneous multicomponent melt can be 
obtained in a reasonable time in low gravity is being 
determined. 
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The overall basis for selecting the sample composition 
is not particularly critical because the samples are viewed 
as model systems. The ternary gallia-calcia-silica com¬ 
position is being used because of its prior use in SPAR 
experiments. 3 ^ Other glass-forming compositions are typi¬ 
cal conventional systems for which needed ground-based 
property data are available. 

A containerless experiment using a three-axis acoustic 
levitator/furnace has been conducted in space to study 
glass formation and crystallization kinetics of fluoride 
glasses 33 and to study the behavior of water droplets. 3 ® 

Conclusion 

Low gravity offers unique opportunities to investigate 
fundamental properties of materials. The high-temperature 
properties of highly corrosive materials or refractory com¬ 
pounds for which no unreactive container exists can be 
studied advantageously in low gravity. Properties and 
processes in melts like surface-tension-driven flow, surface 
evaporation, heat and mass transfer (diffusion), nucleation 
and crystallization, and phase separation in immiscible 
liquids can be studied without the disturbance of gravity, 
and valuable scientific information can be obtained. The 
processing of unique materials such as new metallic or non- 
metallic glasses, composites with unusual microstructures, 
ultrapure materials for reference standards, and noncontact 
shaping are other areas of investigation in low gravity. 

Further exploitation of the unique features of low 
gravity for scientific studies of processes that are usually 
masked by gravity on Earth likely will lead to a better 
understanding of basic principles that could have consid¬ 
erable practical value in improving materials-processing 
technology on Earth. 

According to present plans, a manned space station 
should be operational in the mid-1990s. This will provide 
a much larger opportunity for low-gravity research and 
materials processing. 
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Chapter 6B 


Comments on Containerless Processing 

D.W. Readey* 

The Ohio State University, Columbus, Ohio 


Introduction 

The low-gravity environment of space presents unique 
opportunities to study the fundamental principles of 
various materials processes and properties. The absence 
of gravity forces and resultant compositional and thermal 
convective flows allows for the study of weaker forces 
(e.g., surface forces), leading to the Marangoni effect and 
transport-dependent processes (e.g., Ostwald ripening) to 
be made in a much more carefully defined experimental 
environment. Similarly, low gravity offers the possibility 
to perform containerless processing, thus avoiding contami¬ 
nation and nucleation effects produced by the container. 
The chapter by Day and Ray primarily focuses on this 
latter advantage. However, the chapter goes beyond this 
focus to generally discuss the broader importance of the 
low-gravity environment to materials processing. This com¬ 
mentary discusses aspects of containerless processing 
given the potential unique advantages of the low-gravity 
environment relative to other possible Earth-based tech¬ 
niques. 

In addition, this commentary addresses ceramic 
materials properties and processing in the low-gravity 
environment that are not related to containerless pro¬ 
cessing. In fact, containerless processing has become 
somewhat synonymous with ceramic and glass research in 
space. Unfortunately, it even seems that the interest in 
developing a containerless-processing technique has been 
the driving force for the research on ceramics and glass 
rather than the converse. However, there are several phe¬ 
nomena currently important to the processing of ceramic 
materials that are ideally suited to study in the low- 
gravity environment and uniquely important to ceramic 
processing. Some of these are also discussed. 
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It should be noted that there are several generic 
studies being performed in the areas of crystal growth and 
metals and alloys that are important to ceramic processing. 
These studies include an examination of the Marangoni 
effect on convective phenomena, Ostwald ripening of a 
second phase, and the effects of thermal and composition 
gradients on interface stability during crystal growth from 
the melt. Clearly, these studies will influence ceramic 
research by improving the understanding of ceramic and 
glass properties and processing. These studies need not 
be duplicated with ceramic materials. 

Further, the effect of studies in the low-gravity 
environment on Earth-based processes can be far greater 
than any actual use of the low-gravity environment for the 
processing of materials. The virtual absence of both 
desirable and undesirable convective effects in low-gravity 
materials processing allows the study of complex processes 
with the convective complication eliminated. Thus, the 
possibility of obtaining a better understanding of the pro¬ 
cess, the importance of convective effects, and the benefits 
to be gained by minimizing them can lead to significant 
improvements in Earth-based processing, thus easily justi¬ 
fying the sometimes costly low-gravity experiments. 

Levitation Techniques 

Four main levitation techniques appear to have been 
investigated: aerodynamic, electromagnetic, electrostatic, 
and acoustic. With studies to date,! the acoustic levitation 
technique appears to be the technique of choice particu¬ 
larly for nonconducting materials. However, the discussion 
of the various techniques is not balanced, reflecting more 
the emphasis on the development of the acoustic technique 
rather than the author's emphasis on any one technique. 

Aerodynamic Levitation 

Aerodynamic levitation is dismissed as unsuitable 
because the high-velocity gas jets necessary make low- 
viscosity melts unstable. It is not clear why high-velocity 
jets are necessary for aerodynamic levitation in a low- 
gravity environment. One would expect that relatively 
slow, continuous velocities or pulses of gas would suffice 
in a low-gravity environment to maintain a liquid or solid 
sample by viscous drag forces. One could envision a 
multiaxis system not too dissimilar to the three-axis acous¬ 
tic levitator for such an aerodynamic system. The 
requirement for feedback control does not appear to be a 
severe limitation. It would seem that with various kinds of 
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optical positioning schemes one could make possible a rela¬ 
tively simple universal system requiring low power consis¬ 
tent with space operation. The disadvantage of the 
ambient gas is still present, but the gas composition can 
be controlled, which may be important for materials that 
react or decompose. 

Electromagnetic Levitation 

Even though some nonmetals such as glasses become 
fairly good conductors at elevated temperatures, electro¬ 
magnetic levitation appears to be limited to very good con¬ 
ductors and is of little use for ceramics and glasses. 


Electrostatic Levitation 


The electrostatic technique would seem to offer the 
advantage that poor conductors could be used. However, 
at elevated temperatures in a gas atmosphere it would be 
extremely difficult to maintain charge on the levitated 
sample. However, this should be possible in a vacuum. 
Another advantage of electrostatic levitation would seem to 
be a low power requirement, which is again an advantage 
in space. Again, the demand for a feedback positioning 
system at first glance does not appear insurmountable. 


Acoustic Levitation 


Acoustic levitation appears to offer several advan¬ 
tages, with the major disadvantage being that a gas must 
be used. However, it would seem that the design of an 
acoustic levitation furnace would not be so straightforward, 
particularly for high temperatures. With the velocity of 
sound varying with the square root of the absolute tem¬ 
perature, strong temperature gradients, which necessarily 
must exist in such a furnace, would severely distort the 
standing wave pattern, making design for operation over a 
wide temperature and atmosphere range seemingly difficult. 
Furthermore, because the temperature environment is sen¬ 
sitive to sample positioning, any sample drift would distort 
both the acoustic and thermal fields, perhaps creating an 
unstable situation. These inherent distortions in the 
acoustic field imply more than the generation of a standing 
wave pattern. Ideally, to ensure stability, it would seem 
that even with the acoustic system some kind of feedback 
positioning scheme would be necessary, eliminating one of 
the expected advantages of acoustic levitation. 
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Scientific Studies 

High-Temperature Property Measurement 

Containerless processing offers the advantage of 
being able to make property measurements on highly reac¬ 
tive or corrosive materials, particularly melts, at high tem¬ 
peratures; techniques have been developed for such 
measurements. It is not completely obvious, however, that 
with some clever experimental design, an equivalently good 
measurement cannot be made by some other technique.^ 
High-temperature property data is not being generated in 
large quantities not because of a lack of experimental 
techniques but because of a lack of funds to support such 
data gathering. If funds are made available for low- 
gravity science research, some of these funds could be 
used for high-temperature property measurement because 
of the unique techniques the environment offers. The data 
may be generated by a unique technique but it is not 
clear that the data will be unique. It would be interesting 
to examine data generated on containerless melts in space 
to determine whether an alternative technique is available. 


Nucleation, Crystallization, and Glass Formation 

It is correct that containerless melts offer the possi¬ 
bility of studying the nucleation and growth of crystals 
and glass formation without the complicating effects of 
container-induced heterogeneous nucleation. However, for 
many glass-forming systems of interest, heterogeneous 
nucleation occurs at the free surface between the glass 
and the ambient atmosphere as well as at the glass-con¬ 
tainer interface.^ Containerless processing is only useful 
for those materials that do not show heterogeneous 
nucleation at the free surface. Therefore, systems must be 
carefully chosen for the study of homogeneous nucleation 
or glass formation in containerless low-gravity environ- 
ments4 

Immiscible Liquids 


A low-gravity environment is clearly advantageous for 
any study of immiscible liquids. Containerless melting 
becomes important when one of the phases preferentially 
wets the container, a situation that seems virtually una¬ 
voidable. On the other hand, if the surface properties of 
the two immiscible liquids are sufficiently different so that 
one preferentially wets a container material, why should 
their surface tensions also not be sufficiently different so 
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that one of the liquids segregates to the surface of the 
containerless melt? In fact, such surface-tension-driven 
segregation might be an interesting phenomenon for study 
if it exists. 

Transport Processes and Homogenization 

The lack of gravity and the absence of convective 
flow makes any study of partly diffusive transport pro¬ 
cesses easier to understand. The effects of surface ten¬ 
sion on flow and bubble migration are important effects 
worthy of study. However, it is not necessarily clear that 
these effects need to be studied in a containerless melt 
and indeed some of them are not. 

Surface Properties 

It is not at all clear that either the low-gravity 
environment or containerless melts offer any unique advan¬ 
tages for the study of surface properties, with the possi¬ 
ble exception of temperature and composition gradients on 
surface-tension-driven flows. 


Unique Materials Processing 
Ultrapure Materials 

Containerless processing of materials from the melt 
certainly offers the possibility of avoiding contamination 
from crucible materials, particularly for high-melting-point 
materials such as ceramics and glasses. However, similar 
results can be obtained by variations on the skull-melting 
process, in which the material acts as its own container 
and only the center of the material is heated to melting. 
High-purity magnesium oxide crystals have been made by 
arc melting (done by Y. Chen, Oak Ridge National Labora¬ 
tory), nickel oxide and cobalt oxide by arc-image melting 
(done by N. Peterson, Argonne National Laboratory), and 
aluminum oxide single and bicrystals have been grown 
using laser melting (done by J. Haggerty, Massachusetts 
Institute of Technology). Therefore, containerless melting 
in the low-gravity environment of space is not necessary. 

New Glasses 

As discussed earlier, new glasses may or may not be 
possible by containerless melting. This depends on 
whether heterogeneous nucleation occurs at the free sur¬ 
face and whether bulk impurities or composition fluctua¬ 
tions can lead to heterogeneous nucleation. 
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Composites 

The low-gravity environment will indeed allow the 
fabrication of new composites consisting of constituent 
materials with differences in density. However, not only 
wetting of the container but also any difference in liquid- 
vapor surface energy can also lead to segregation of the 
two phases as discussed earlier. 

Special Shaping 


The fabrication of microspheres and shells by con¬ 
tainerless processing in low gravity certainly seems 
feasible. However, the fabrication techniques for other 
shapes is not obvious without negating some of the advan¬ 
tages of containerless processing. 

Surface Treatment 


The low-gravity environment certainly appears to 
have application for surface treatment, such as the ion- 
exchange process for strengthening glass surfaces. The 
process can be carried out at higher temperatures, 
increasing the rate of exchange without gravity-produced 
deformations. However, the advantages of containerless 
processing for such surface treatments is not clear. 

Crystal Growth 

The advantage of the low-gravity environment for 
crystal growth seems particularly advantageous for the 
elimination of thermal and compositional convective currents 
leading to compositional inhomogeneity in the crystal. 

Again, this is a result of the low-gravity environment 
rather than the containerless processing. 

Other Important Potential Research Areas in Ceramics 
Powder Preparation by Gas-Phase Reactions 

An extremely promising technique for the fabrication 
of high-purity, high-technology powders of binary com¬ 
pounds such as silicon carbon for ceramic fabrication is 
via gas-phase reactions such as^ 

SiCl 4(g) + CH 4(g) = SiC (s) + 4 HCl (g) (1) 

Normally, Earth-based reactions are carried out in 
flow reactors, making the study of the kinetics of the 
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powder nucleation and growth process extremely difficult 
because of convective currents and particle settling due to 
gravity. In a low-gravity environment, the reaction could 
take place by allowing the reactant gases to diffuse into 
opposite ends of a reaction tube. With only gas diffusion 
as the major transport process, the nucleation and growth 
of the particles might be studied much more carefully by a 
technique such as laser light scattering. If the kinetics of 
the process can be understood, powders of controlled par¬ 
ticle size and particle-size distribution can be designed to 
optimize the densification process. Given the importance of 
proper powder characteristics and the emphasis powder 
fabrication and ceramic materials processing are receiving 
to increase reliability and reproducibility, this is an impor¬ 
tant area in which low-gravity experiments would add 
greatly to the improved processing of high-technology 
ceramic materials. 

Agglomeration of Ceramic Powders in the Gas Phase 

Closely related to the study of ceramic powder for¬ 
mation by gas-phase reactions discussed above is the 
agglomeration of those powders in the gas phase. Small 
powder particles experience Brownian motion due to colli¬ 
sion with gas-phase molecules. The random motion of the 
particles leads to particle collisions and the formation of 
agglomerates. Such agglomeration processes generally are 
undesirable because individual particles are necessary for 
optimum densification of ceramic materials. However, there 
are tWo competing effects in the agglomeration process. 

One is the motion of the particles, which increases as the 
particle size decreases and leads to a greater likelihood of 
collision with other particles in a given time period. The 
second is the agglomeration (van der Waals) force, which 
decreases as the particle size decreases. Therefore, there 
may be an optimum particle size that minimizes agglomera¬ 
tion. The particle size can be controlled by the rate of 
nucleation and growth. By studying both the particle for¬ 
mation and agglomeration processes there is the possibility 
of designing an optimum growth rate to minimize agglomera¬ 
tion. Such studies would be virtually impossible to 
accomplish completely in a 1-g environment. 

Ceramic Powder Formation and Agglomeration in Aqueous 
Systems 


Similar experiments to those described above for gas- 
phase reactions can be performed in aqueous systems. In 
this case, the attractive van der Waals forces can be over- 
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come by charged particles, by applying the principles of 
electrical double layer theory or the principles of steric 
hindrance for organic dispersants. Not only could optimum 
dispersant concentrations be determined but fundamental 
studies on agglomeration also could be carried out over a 
range of particle sizes far greater than could be achieved 
in a one-gravity environment. This would enable the 
theory to be tested over a much wider range of experimen¬ 
tal variables than ever before possible. Furthermore, some 
recent experimehts on two-dimensional agglomeration of 
powder particles^ have some interesting implications. 

These studies may lead to a much-improved understanding 
of the processes of nucleation and growth and surface dif¬ 
fusion on the atomic scale by observing the behavior of 
macroscopic colloidal particles interacting under van der 
Waals and electrostatic repulsive forces. Because of gravity 
and convective effects, similar studies for three-dimension¬ 
al particles are extremely difficult in a 1-g environment. 
However, the low-gravity environment ideally would be 
suited to such studies, which could lead to not only an 
improved understanding of colloid dispersion of great 
interest to improved ceramic powder processing, but also 
to a much better fundamental understanding of atomic 
nucleation and growth and surface diffusion processes. 
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Combustion Studies In Low Gravity 

A.L. Berlad* 

University of California, San Diego, La Jolla, California 


Introduction and Background 

The central scientific issues in combustion embrace 
the broad areas of single-phase and two-phase combustion, 
premixed and unpremixed reaction processes, flame struc¬ 
ture and stability, laminar and nonlaminar flows, steady 
and unsteady combustion processes, and the essential sig¬ 
nificances of combustion process multidimensionality. 

Current understanding of combustion rests heavily on 
truncated theory and ground-based experiments. Fundamen¬ 
tal combustion experiments generally are performed under 
normal gravitational conditions (g = 1) in Earth-based 
laboratories. Free-convective-energy and mass-transport 
processes tend to obscure or transform underlying 
gravity-free (g = 0) combustion phenomena. Combustion 
theorists find the multidimensional representation and ana¬ 
lytic solutions of multiply coupled transport 
(radiation-conduction-convection) and comprehensive chemi¬ 
cal kinetic processes to be intractable. Accordingly, 
substantially truncated combustion theory is employed in 
the interpretation of g = 1 experiments. Typically, one¬ 
dimensional g = 0 theory is used to model non-one- 
dimensional, g = 1 experimental data. 

A compelling basis for carrying out combustion 
experiments under low-gravity conditions (g ~ 0) derives 
from unsatisfied scientific needs for combustion information 
that Earth-based laboratories have not provided. Under 
reduced gravitational conditions, stable arrays of com¬ 
bustible particulates and drops could be created for study 
of combustion characteristics not heretofore observed. 
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Asymmetries in the burning of a single particle or a liquid 
drop can be attributed to reasons other than "gravity," 
and tenuous arguments invoked to derive zero-gravity 
flame propagation and extinction characteristics from unit- 
gravity observations of "upward" and "downward" flame 
propagation experiments could be discarded. The energy, 
mass transport, and chemical kinetic interactions that 
determine oscillatory, flow, and autoignition behavior in 
closed combustible systems could be assessed more suc¬ 
cessfully. The broad areas of high-pressure combustion 
and extinction phenomena, so significant in current energy 
conversion and safety technologies, could be studied from 
a fundamental perspective. The multidimensional effects 
generally associated with gravity-induced body forces 
could be suppressed, thereby permitting more tractable 
analysis with closer correspondence to experimental (g = 

0) observation. 

Low-gravity combustion research is not new. During 
the decade of the 1950s, experimental studies of combustion 
under low-gravity conditions were carried out by Univer¬ 
sity of Tokyo workers who demonstrated that liquid fuel 
drops could burn in a spherically symmetric fashion, in 
accordance with simple, gravity-free combustion theory.^ 
With the advent of NASA's requirements for knowledge of 
combustion processes in space environments, the 1960s saw 
various U.S. workers start to employ drop tower (and 
related) facilities to study gravitational effects on several 
combustion phenomena.^ 

In 1973, NASA commissioned a study concerned with 
examining "the physical bases and scientific merits of com¬ 
bustion experimentation in a space environment." The 
study was broad-ranged, solicited the views of the com¬ 
bustion science community's many workers, and was com¬ 
pleted with the issuance of a summary report in 1974. 
Ground-based combustion research findings of the 1974-84 
period have not diminished the recommendations and con¬ 
clusions derived from the 1973-74 study. To quote 
directly from Ref. 4: 

The review of combustion experimentation (and 
modeling which could benefit from the availability 
of a space laboratory) reveals one theme that 
appears to dominate all others. Extensive and 
systematic experimentation on the range 0 ^ g ^ 

1 is viewed as essential to the development of 
the understanding required in virtually all the 
major fundamental areas of combustion. Current 
theory has not been adequately guided by 
experiment. Current (drop tower) facilities for 
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0 £ g £ 1 experimentation have an important role 
to play in future studies. But these roles are 
necessarily limited. Only an orbital space 
laboratory can provide the scales of time and 
space necessary to exploit substantially the 
scientific goals of combustion experimentation in 
a space environment. These conclusions apply 
for: 

(1) Premixed Flame Propagation and Extinc¬ 
tion Limits; 

(2) Theory of Noncoherent Flame Propaga¬ 
tion; 

(3) Upper Pressure Limit Theory of Ignition 
and Flame Propagation; 

(4) Autoignition for Large Premixed 
Gaseous Systems; 

(5) Cool Flames in Large Premixed Gaseous 
Systems; 

(6) Burning and Extinction of Individual 
Drops or Particles, Over Very Large 
Ranges of Pressure; 

(7) Ignition and Autoignition of Clouds of 
Drops and/or Particles, Over Very 
Large Ranges of Pressure; 

(8) Two Phase Combustion Phenomena In¬ 
volving Large Liquid-Gas or Solid-Gas 
Interfaces; 

(9) Radiative Ignition of Solids and Liquids; 

(10) Pool Burning and Flame Propagation 
Over Liquids; 

(11) Flame Spread and Extinction Over 
Solids; 

(12) Smoldering and Its Transition to Flam¬ 
ing (or Extinction); 

(13) Laminar Gas Jet Combustion; 

(14) Coupling or (Decoupling) of 
Convectively-Induced Turbulence 
Involved in Various Combustion 
Phenomena; 

(15) Transient Responses of Flames to 
Time-Dependent (Effective) 

Gravitational Fields 

This is a partial listing of the many valuable 
experimental and theoretical programs that can 
be carried out with the essential facilities pro¬ 
vided by a Space Environment. Several of these 
programs show particularly outstanding promise. 


203 
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In this latter category must be included the 
areas of: 

(1) Extinction Limits in Premixed and 
Unpremixed Gases; 

(2) The Many Diverse Areas of Two Phase 
Combustion, Particularly the Combustion 
of Single Drops and Particles, Arrays of 
Solid Fuel Elements, and Liquid Pools. 

The extent to which other noted (or uncited) 
combustion studies will revolutionize our 
understanding of the Fundamentals of 
Combustion depends largely on the ingenuity of 
experimenters and theorists who have yet to 
address the scientific opportunities that space- 
based combustion experimentation can provide. 

The 1974-85 period has seen many contributions to 
combustion theory and experiments concerned with the 
centrally important problems considered in the 1973-74 
study. These have served to strengthen the conclusions 
of Berlad et al. regarding the need for low-gravity com¬ 
bustion experiments. 

This paper briefly reviews the status of major areas 
of combustion science for which low-gravity studies prom¬ 
ise to provide otherwise unobtainable sets of needed 
results. 


Why Low-Gravity Combustion Experiments 

Low-gravity combustion experiments may prove useful 
because under low-gravity conditions, natural convective 
processes are suppressed, gravitational settling in two- 
phase combustibles is suppressed, and spatial homogeneity 
of quiescent, nonuniform-density combustibles may be 
achieved. Where turbulence-inducing mixing processes are 
employed (at g = 1) to achieve spatial homogeneity of non¬ 
uniform-density combustible mixtures, low-gravity con¬ 
ditions permit the maintenance of spatial uniformity while 
turbulence decays. Some important combustion experiments 
now carried out at normal gravitational conditions may be 
compromised in essential ways. In some cases, these com¬ 
promising features can be eliminated by the use of low- 
gravity experimentation. In other cases, g = 1 combustion 
experiments involve natural convection-coupled effects that 
are not adequately understood. In such cases, low-gravity 
experimentation may be employed to help resolve these 
effects. In some other cases, needed combustion experi- 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 

COMBUSTION STUDIES IN LOW GRAVITY 205 

ments are simply not achievable at g = 1 but are feasible 
at reduced gravitational conditions. In all instances, 
however, the use of low-gravity combustion experimentation 
represents a powerful tool for the solution of centrally 
important issues where g = 1 experimental/ theoretical 
attempts have been (and promise to be) inadequate. 

For more than a decade, NASA-sponsored studies'll 
have followed the pioneering work of Kumagai and Isoda in 
systematically exploring the effects of gravity on combus¬ 
tion. In the following several cases, we examine the spe¬ 
cial significance and value of low-gravity experimentation 
for each characteristic case. In general, information to be 
derived has not been obtainable by other means. 

Premixed Gaseous Flame Propagation and Extinction 

Previous studies at normal gravitational conditions 
have shown^ that upward and downward premixed gaseous 
flame propagation are substantially different and that 
natural convection dominates upward flame propagation 
mechanisms in the neighborhood of the flammability limits. 

It is recognized that flammability-limit theory is not fully 
developed and that premixed flame propagation and extinc¬ 
tion theory can be placed on a firmer foundation through 
experimental studies that suppress natural convective 
effects. The resolution of these flame-theoretical issues is 
important to an understanding of two-phase (premixed) 
combustible systems and to single-phase premixed 
systems.^i^®>^ 

Premixed Particulate Cloud Flame Propagation and 
Extinction 


Premixed, uniform, quiescent clouds of combustible 
particulates (in a gaseous oxidizer) are difficult or impos¬ 
sible to achieve in Earth-based laboratories. This is par¬ 
ticularly true for particulates of substantial size.22 
Development and testing of flame propagation and extinc¬ 
tion theory for such systems requires first that reliable 
experiments be achieved for quiescent, premixed, homoge¬ 
neous systems. The classic two-phase flammability studies 
developed at the U.S. Bureau of Mines^S and elsewhere 
have provided important bases for comparing the relative 
flammabilities of various combustibles. Unfortunately, it has 
been impossible to establish the quiescent, uniform clouds 
of particulates that are required to adequately characterize 
the preignition states of these two-phase combustible 
systems. These difficulties (at g = 1) derive directly from 
particle-settling effects and/or from mixing-induced tur- 
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bulence effects. It has been argued^ that these g = 1 
difficulties can be alleviated through low-gravity experi¬ 
mentation. Once two-phase premixed flame propagation and 
extinction data are obtained (at reduced gravity), theoret¬ 
ical resolution of the differences between premixed single¬ 
phase and premixed two-phase flame propagation and 
extinction theory becomes more promising. Planned studies 
at reduced gravitational conditions include those for lyco¬ 
podium-air, cellulose-air, and coal-air particulate clouds. 


Smoldering 

One of the most interesting combustion phenomena is 
smoldering. This phenomenon appears to sustain a number 
of characteristic processes at normal gravitational con¬ 
ditions: steady and unsteady smoldering, extinction, and 
the transition to flaming combustion. There is the complex 
interaction of two-phase pyrolysis and oxidative 
kinetics.24 Radiative, molecular, forced, and free-convec- 
tive transport processes interact in poorly understood 
ways. All characteristic rates, chemical and transport, are 
slow compared to those that typify flaming combustion. 

Both experimentally and theoretically, it has been difficult 
to describe the roles of each of the interacting processes. 
No comprehensive theory is available that prescribes both 
the quasisteady smoldering process and the critical con¬ 
ditions for transition to extinction or flaming. Can 
smoldering exist in the absence of natural and/or forced 
convection? There is a need to address this and related 
central issues associated with this important combustion 
phenomenon. Low-gravity experimentation is expected to 
help address this need. 


Combustion of Individual Drops and Particles 

The classic work of Kumagai and Isoda* has served to 
stimulate subsequent studies with the combustion of indi¬ 
vidual drops and particles. In the absence of a gravita¬ 
tional field, spherically symmetric burning has been 
dramatically demonstrated.! But questions remain that 
require further experimentation at reduced gravitational 
conditions. One may note^^ the significant areas of the 
general unsteadiness of single-drop combustion, nonspheri¬ 
cities in ignition and combustion, the interactions of non- 
spherically symmetric drop vaporization-combustion and 
drop motion, flame extinction, and explosive extinction of a 
burning single drop. 
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Radiative Ignition of Condensed-Phase Fuels 

Current theory and experiments show that (at g = 1) 
very large radiative flux rates imposed on very large 
planar-surfaced liquids or solids lead to short ignition 
delays that do not depend substantially on natural convec¬ 
tive processes. 25,26 However, for low radiative flux rates 
and for small fuel-sample sizes, natural convective pro¬ 
cesses can be important. In the limiting case where radia¬ 
tive flux rates are inadequate to achieve ignition, free 
convective losses to a cold atmosphere are centrally impor¬ 
tant. 25 Accordingly, there is a complex interplay of 
radiative, convective, and molecular transport (with vapori¬ 
zation, pyrolysis, and oxidation kinetics) that prescribes 
limiting radiative-induced ignitability at normal gravita¬ 
tional conditions. Understanding of these complex, limiting 
ignitability conditions could be enhanced greatly through 
research that would permit the suppression and/or control 
of natural convective effects. Low-gravity combustion 
experimentation promises to provide otherwise unobtainable 
insights into this important class of problems. 

Large-Surface Combustion and Extinction 

Two-phase combustion processes involving a gaseous 
oxidizer and large condensed-phase combustible materials 
have been studied extensively under normal gravitational 
conditions. Complex flame propagation and extinction phe¬ 
nomena are observed. Gravitational collapse of partially 
burned solid-fuel arrays sometimes tends to compromise the 
investigator-selected conditions for the unburned medium. 
Gaseous natural convective processes are generally so 
prominent as to obscure the roles of chemical kinetics and 
of other transport processes. Natural convective processes 
frequently determine the location of effective control sur¬ 
faces at which preselected gaseous oxidizer conditions are 
best known. In the propagative burning of liquid pools 
(and of melting solids) surface-tension-induced convection 
processes^ are thought to play an important role. To be 
able to modify, suppress, or control one or more of these 
effects through low-gravity combustion research seems 
attractive. More tractable theory can then be applied to 
liquid pool burning phenomena that promise to be less 
complex. 

Boundary-Layer Combustion 

Boundary-layer combustion may be supported by flow 
of an oxidizing gas over a flat plate that serves to supply 
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(by fuel vaporization or by fuel injection) gaseous fuel for 
the combustion process. At normal gravitational conditions 
operating on flow over a flat horizontal plate, current 
analysis shows^O that the cross-stream buoyancy-induced 
body force acts to effectively produce a streamwise pres¬ 
sure gradient in the fluid adjacent to the plate surface. 

For an upward-facing plate, a favorable pressure gradient 
is derived that tends to accelerate the flow, relative to the 
corresponding gravity-free case. Flow deceleration is pre¬ 
scribed for a downward-facing plate. These gravitational 
effects induce changes in boundary-layer structure and 
flame standoff distances. It is expected that boundary- 
layer combustion under low-gravity conditions may serve 
to verify these current theoretical concepts and to resolve 
observed inconsistencies between experiments conducted at 
g = 1 and theory that neglects gravitational effects. 

Counterflow Diffusion Flames 

Flame systems involving unpremixed gaseous fuel and 
oxidizer generally are referred to as diffusion flames. 
Extinction conditions for counterflow diffusion flames have 
been of great interest and generally analyzed in terms of a 
critical strain rate or Damkohler number for extinc¬ 
tion. 28,29 The criticality conditions for stagnation regime 
extinction suggest a limiting ratio of a characteristic chem¬ 
ical kinetic time to a characteristic fluid dynamic time. 

The early analyses and experimental results28~30 consider 
the counterflow diffusion flame experiment to be indepen¬ 
dent of gravity and to be one-dimensional. More recent 
experimental investigations^! (at g = 1) indicate that 
buoyancy forces as well as apparatus scale are important 
determinants of extinction, particularly at low strain rates. 
Low-gravity experimentation of this kind is not yet 
available, nor are there analytic results that account for 
(g = 1) gravitational and nonadiabatic effects. 

Nonflowing Premixed Combustible Media 


A broad class of important combustion phenomena are 
observed, at normal gravitational conditions, in nonflowing 
premixed systems. This class includes gaseous and two- 
phase autoignition and explosion processes, kinetic oscil¬ 
lations associated with the low-temperature oxidation of 
carbon monoxide (CO), and thermokinetic oscillations asso¬ 
ciated with the oxidation of hydrocarbons. For all of 

these phenomena, apparatus walls (and associated boundary 
conditions) play an important role in heat and mass trans¬ 
port. Heat and mass transport between wall and gaseous 
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medium, as well as the heterogeneous chemical kinetic pro¬ 
cesses at the walls, have been foundH>16,28 t 0 strongly 
influence both qualitative and quantitative characteristics 
of these phenomena. Moreover, there exists a correspond¬ 
ing set of autoignition (and other?) phenomena for pre¬ 
mixed clouds of particulates. These two-phase premixed 
combustion processes cannot be studied in a similar way at 
g = 1 because of the gravitational settling of particulates 
and/or the mixing-induced turbulence required to achieve 
reasonably uniform clouds of particulates. These problems 
are particularly severe for the case of large particles 
(e.g., of the order of 50 ym or larger), mixed particle 
sizes, and mixed particulate materials. The specific, signi¬ 
ficant absence or presence of natural convection may 
determine whether an autoignition phenomenon is to be 
adequately characterized as a one-dimensional or as a 
multidimensional phenomenon. Combustion experimentation 
at low-gravity conditions may be used to deal with these 
two-phase problems.22 For selected members of this class 
of problems, a number of single- and two-phase combustion 
phenomena are discussed below. The role of low-gravity 
research in resolving essential theoretical and experimental 
issues is emphasized. 

Combustion Phenomena in Nonflowing Premixed Systems 

The systems to be discussed here generally are con¬ 
sidered to involve the least complex combustion theory and 
some of the cleanest and easiest-to-define experimental 
conditions. An understanding of these phenomena is fun¬ 
damental to an understanding of more complex combustible 
systems involving forced convective flows. Although g = 1 
experimental conditions may be of great interest, current 
theoretical representations generally are fashioned for g = 

0 conditions, for which experiments have not yet been per¬ 
formed. This inconsistency is compounded by the diffi¬ 
culty or inappropriateness of actually performing suitable 
g = 1 experiments. 

Autoignition Phenomena in Premixed Gaseous Media 

The constitutive equations for thermokinetic processes 
in premixed gaseous media generally include an energy 
equation, a set of chemical kinetic rate equations, mass or 
species conservation equations, and an equation of 
state.l® For a gravity-free field, these are of the form 

r 

pc v (9T/3 t ) = V • [XVT + I] + l Rj Aj 

j=l 


( 1 ) 
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and 


Sjl + Sj2 + Sj3 - hi - Cj4 + Sj5 + £j6 + A j (2) 

for j = 1, 2, . . . , r 

and 

8 Ci /8t = V • (D i>m V c ) + l cjf (3) 

j=l 

for i = 1, 2, . . ., n 

and 

pv = 5>i RT (4) 

i 

where cj is the volumetric mole concentration of the i*h 
chemical species; i = 1,2, ,n; c]j is the volumetric molar 

rate of production of the i** 1 chemical species by the j** 1 

kinetic process; j = 1,2,_,r; c v is the specific heat at 

constant volume. D is a diffusion coefficient; I is a pho- 
tochemically insignificant (thermal) radiative flux density; 
kj is the rate constant for the jth kinetic process; R is the 
universal gas constant; Rj is a molar reaction rate 
corresponding to the species and energy release Aj; T is 
the absolute temperature; Aj is the molar heat of reaction 
for the jth irreversible kinetic process; X is a local thermal 
conductivity; and £jq are the concentrations associated 

with the q = 1,2,_,6 species that participate in the jth 

kinetic process. Equations (1-4) ignore any transfer of 
heat and mass that may derive from natural convective 
effects peculiar to these experiments.33,34 The constitu¬ 
tive Eqs. (1-4) have not been generalized and applied to 
autoignition observations at g = 1. Moreover, the roles 
that walls play for both heat and species conservation 
appear to be obscured by natural convective processes. 

This is particularly true where heterogeneous chemical 
kinetics (wall chemistry) may play a significant role in 
autoignition. 35,36 j n gjj 0 f these previous studies, appli¬ 
cation of Eqs. (1-4) in their multidimensional form has not 
been made. In fact, reliable specification of the specific 
reactivity to be assigned to the various radial boundary 
conditions has not been achieved. This is due to, in part, 
the usual truncation of Eqs. (1-4) into a set of one- 
dimensionalized equations. But even if Eqs. (1-4) were 
used in their most general form, they are appropriate only 
in a gravity-free field. 
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The variety of heterogeneous chemical kinetic effects 
(on autoignition) that awaits low-gravity investigation is 
enormous. The specific reactivities of chemically reactive 
walls are not deducible, where radial transport properties 
are unknown or ill-defined (natural convective effects). 

The very nature of this important combustion process is 
lost in the ad hoc representations currently employed to 
deal with the specific reactivity of a wall effect. Typi¬ 
cally, kinetically significant radial boundary conditions are 
not imposed (by current workers) on Eqs. (1-4). Rather, 
heterogeneous wall chemistry is couched in homogeneous 
chemical kinetic schematics'^ - ^ of the classical form 

A kAW Wall 


and 

B _. k AW_ Wall ( 

where A and B are taken to be chemically important spe¬ 
cies. One-dimensionalization of Eqs. (1-4) with the use of 
truncated analytical forms such as Eqs. (5) and (6) still 
requires detailed knowledge of radial transport properties. 
For noncatalytic walls acting as perfect species sinks, and 
in the absence of free convection, k^,\^ can be approxi¬ 
mated 


k A,W ~ 12P 

d2 U 

Clearly, natural convective effects at g = 1 make Eq. (7) 
inappropriate. Significant heterogeneous kinetic processes 
also serve to make Eq. (7) inappropriate. 

The current experimental and theoretical situation 
with autoignition phenomena may be summarized as follows: 
extensive experimental data obtained at g = 1 demonstrate 
the important roles that natural convective transport of 
heat and mass can play in the determination of the autoig¬ 
nition phenomenon. The specific reactivity of walls is not 
adequately described as a result of ill-defined free- 
convective effects and the limiting features of truncated 
representations of the multidimensional problem. More 
sophisticated computational approaches coupled with low- 
gravity experimentation promises to provide both better 
understanding of autoignition and deduction of the specific 
reactivities of kinetically active walls. 

The rich variety of fundamental autoignition phenom¬ 
ena extends well beyond "explosions." Other autoignition 
phenomena (observed at g = 1) include kinetic oscillations 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



iuWaVs fmm hr itmfaa LmUrAip Purchased from American Institute of Aeronautics and Astronautics 


212 A.L. BERLAD 

in CO oxidation, thermokinetic oscillations in hydrocarbon 
oxidation, glows, and multiple ignitions. Two-phase systems 
are relatively unexplored. None of the (g = 1) observed 
reaction trajectories to date have been experimentally 
characterized multidimensionally. None have been observed 
at g = 0. All have been characterized analytically as one¬ 
dimensional g = 0 phenomena. 

Some further discussion is offered in the following 
sections. It is useful to note first the g = 0 analytic 
characterizations possible for the stationary states con¬ 
sidered for autoignition phenomena. For two-variable sta¬ 
tionary conditions (e.g., temperature and one chemical 
intermediate species, x and y, respectively) characteristic 
stability conditions include stable and unstable nodal 
points (Figs. 1 and 2), unstable saddle point (Fig. 3), and 
stable and unstable foci (Figs. 4 and 5). Criticality con¬ 
ditions often are associated with the bifurcative merging of 
a stable node with an unstable saddle point (Fig. 6). 

x 


Fig. 1 A stable nodal point. 


y 


Fig. 2 An unstable nodal point. 


^S2 



y 
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x 



Fig. 4 A stable focus. 


Oscillatory processes are associated with foci (Figs. 4 and 
5) that approach centers (Figs. 7 and 8). This apparent 
complexity understates reality. Observed g = 1 systems 
importantly involve multiple intermediates, multidimensional 
secondary flows and nonstationary states for which nonlin¬ 
ear time-dependent trajectories are more characteristic.^® 

Autoignition Phenomena in Premixed Clouds of Particulates 

For purely gaseous media, Earth-bound experimental 
procedures to create uniform quiescent mixtures of fuel 
and oxidizer are trivially routine. For clouds of par¬ 
ticulates, establishment of Earth-bound uniform clouds of 
quiescent fuel particulates (in a gaseous oxidizer) has not 
been possible. This is particularly the case for large 
(practical) size particulates. For particulates whose gravi¬ 
tational settling velocities are significant, vigorous mixing 
techniques are required^ to achieve uniform particulate 
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concentrations. Under highly stirred conditions, transport 
properties of the medium are ill-defined. The decay of 
mixing-induced turbulence is slow,22 an d ( a t g = 1) par¬ 
ticulate settling processes proceed as mixing-induced tur¬ 
bulence decays slowly. Extensively documented studies of 
"explosions" in two-phase systems (at g = 1) have served 
to provide important qualitative insights into the relative 
combustibility of a broad variety37,38 Q f p a rticulates. 
Unfortunately, the g = 1 data on two-phase "autoignition" 
do not lend themselves to analysis. In general, experimen¬ 
tal conditions are poorly defined. Uniformity of par¬ 
ticulates is questionable, particle-gas velocity defects are 
operative, and the transport properties are transient and 
unknown. In view of the fundamental and practical impor¬ 
tance of two-phase combustible systems, the study of the 
autoignition of uniform, quiescent clouds of particulates 
appears necessary. Current theory21 for two-phase 
autoignition has not been experimentally tested. Normal 
gravitational conditions present great difficulties, and low- 
gravity experimental investigations have not yet been per¬ 
formed. For the case of clouds of 1-ym zirconium 
particulates, the analyses presented in Ref. 21 have been 
employed to illustrate the effect of gravitationally induced 
heat-loss processes on the cloud autoignition condition 
(Fig. 9). 

It is not known whether the autoignition phenomena 
yet to be observed for two-phase premixed systems (in low 
gravity) will prove to be as diverse as those associated 
with premixed gases. 

Kinetic Oscillations in Carbon Monoxide-Oxygen Combustion 

There exist extensive experimental studies of the low- 
temperature oscillatory oxidation of CO. These studies 
(e.g.. Ref. 32 and 33) all were performed at normal gravi¬ 
tational conditions. Although the combustion process is 
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slow, natural convective transport of heat and mass is an 
ever-present concern. Current theory emphasizes the 
importance of chemically reactive wall mechanisms. 

Equations such as Eq. (5) are used as essential descrip¬ 
tors for wall chemistry involving [H], [O], [OH], [H 2 O], 
and [H 2 O 2 ] species. Indicated above are the inadequacies 
of equations of this form when applied to Earth-bound 
observations of combustion phenomena in closed vessels 
involving chemically reactive walls. The characteristic 
period of this oscillation phenomenon is so long (of the 
order of several seconds) that g = 0 experimentation in 
spherical or long cylindrical vessels would permit spectro¬ 
scopic space-and-time resolution of chemical species con¬ 
centrations in a well-defined one-dimensional or 
two-dimensional reactor. Accordingly, convection-free com¬ 
bustion dynamics may be observed and analyzed. 

Truncation of radial boundary condition information then 
would not be necessary. Specific surface reactivities may 
then be properly invoked. No such low-gravity experi¬ 
ments have yet been performed. 

Thermokinetic Oscillations in Hydrocarbon-Oxygen 
Combustion 


The phenomenological features that prescribe oscilla¬ 
tions in the low-temperature combustion of hydrocarbons 
are thought to be very different from those associated 
with CO oxidation. At about 600 K, a smaU number of 
hydrocarbon oxidation cycles (typically less than 10) are 



Fig. 9 Free convective losses and zirconium cloud autoignition 
temperature as a function of vessel size and ambient pressure. 
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observed in closed vessels, 39 with temperature rises per 
pulse of about 5 K to 200 K. Oscillatory hydrocarbon oxi¬ 
dation is thought to be thermokinetic with the oscillatory 
process dependent on the heat-transfer rates between the 
reactive medium and the reactor walls and the interaction 
of these heat losses with "negative temperature regime" 
chemistry.32 Natural convection dominates these heat- 
transfer rates, in the absence of other, experimenter- 
imposed effects. Inasmuch as natural convection for this 
transient effect is not well understood, attempts to employ 
controlled heat-transfer rates through vigorous stirring 
have been employed. 39 Without a knowledge of these 
unsteady heat losses, analysis of this class of phenomena 
is not possible.^® Yet, at normal gravitational conditions, 
the currently employed heat-transfer correlation of the 
form99 

q = £ (S/V) (T - T w ) (8) 

must be considered unreliable. In Eq. (8), £ is an esti¬ 
mated effective heat-transfer coefficient associated with the 
unsteady process, (S/V) is the surface-to-volume ratio, 
and (T - T w ) is an estimated spatially averaged charac¬ 
teristic temperature rise. 

If this experiment were done under reduced-gravity 
conditions, without stirring and natural convection, there 
would be no necessity for recourse to questionable heat- 
transfer correlations. The complete set of constitutive 
equations may then be applied. Detailed space-time species 
and temperature structures of such slowly varying pro¬ 
cesses are experimentally accessible in low gravity. To 
date, no such experiments have been performed. 

Final Observations Regarding Autoignition Studies 

This purposeful emphasis on the unexplored complex¬ 
ity of g = 0 autoignition processes helps to illustrate that 
the class of combustion phenomena that are experimentally 
and theoretically most tractable has not been adequately 
explored at g = 1. Generic difficulties heavily limit the 
ability to rectify this situation through g = 1 experimen¬ 
tation alone. What conclusions may be drawn regarding 
the status of other, more complex combustion processes, 
and the contributions that fundamental low-gravity com¬ 
bustion studies can offer? 

Theoretical and Computational Needs in Support 
of Low-Gravity Experimentation 

An important finding derived from available low- 
gravity and other combustion studies relates to the 
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essential multidimensionality of real g = 1 combustion phe¬ 
nomena. Only for the cases of selected g = 0 processes 
can the possibility of purely one-dimensional phenomena be 
considered. In some cases, one-dimensional approximations 
can prove to be physically and mathematically useful. 
Nevertheless, it is evident that expanded capability and 
use of computational methods^! need to be encouraged. 
Results so obtained need to be reconciled with analyses 
that have to be less encumbered by truncated physical 
models. It may be expected that the combustion obser¬ 
vations derived from low-gravity experiments will help to 
bring truncated mathematical analysis and more comprehen¬ 
sive numerical computations to a much closer correspon¬ 
dence than is now the case. The essential 
multidimensionality implied by gravitational and other 
effects on combustion appears as an ever more pervasive 
observation. Several examples are cited. 

Counterflow diffusion flame structures classically have 
been analyzed as one-dimensional and insensitive to body 



Oxygon Moss Praction 

Fig. 10 Counterflow diffusion flame extinction conditions as 
influenced by gravitational effects (Ref. 31). 
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forces and omnidirectional transport processes. Detailed 
chemical kinetics typically are simplified to accommodate 
analytic modeling2°>30 Recent experiments reveal that 
there are substantial gravitational effects on critical veloc¬ 
ity gradients for extinction^! an( j that observed flame 
structures are multidimensional. These results are 
illustrated in Fig. 10. 

Radiative ignition of solids lends itself to simplified 
one-dimensional mathematical modeling,26 whereas commonly 
encountered experimental results display the multidimen¬ 
sionality of the phenomenon and the important roles of 
gravitationally induced mixing processes. In practical 
systems, gravitational effects and finite sample sizes are 
essential^ to prescription of the critical steady-state 
radiative flux density below which an irradiated sample 
cannot be ignited. 

The growth rate of the enormous body of one¬ 
dimensional, gravity-free representations of gravity- 
influenced, multidimensional combustion phenomena appears 
to be undiminished. The first four 1985 issues of 
Combustion and Flame contain some 20 papers within which 
multidimensionality appears to be an absent consideration. 

In some cases, such omissions may prove to be useful 
approximations. Typically, justification awaits more general 
analysis and/or experiments whose observed multidimen¬ 
sionality can be interpreted with success. Suppression of 
natural convection effects promises to assist in these 
endeavors. 

Achievement Opportunities Through Low-Gravity 
Combustion Research 

During the past decade, a number of U.S. workers 
have initiated combustion studies aimed at exploiting low- 
gravity environments to conduct otherwise inaccessible 
experimental research. In each case, the principal inves¬ 
tigator and peer reviewers recognized both the uniqueness 
and central importance of anticipated results. Under the 
aegis of NASA's Microgravity Science and Applications 
Division, the following investigations are in progress: 

o F. A. Williams, Princeton University 
Droplet Burning 

o R. A. Altenkirch, University of Kentucky 
Solid Surface Combustion 

A. L. Berlad, University of California, San Diego 
Particle Cloud Combustion 


o 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, MWLfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


220 A.L. BERLAD 

o R. B. Edelman, Science Applications, Inc. 

Gas Jet Diffusion Flames 

o R. A. Strehlow, University of Illinois 
Effect of Gravity On A Lean Limit Flame 

o P. D. Ronney, NRC Fellow at NASA-LeRC 
Effect of Gravity on Near-Limit Behavior In 
Laminar Premixed Gas Flames 

o P. Pagni & C. Fernandez-PeUo, University of 
California, Berkeley 
Smoldering Combustion 

o W. Sirignano, University of California, Irvine 
Gravity Effects On Liquid Fuel Pool Fires: 

Ignition, Flame Spread and Pool Burning 

o K. Sacksteder, NASA-LeRC 
Spacecraft Fire Safety 

The first space-shuttle-based combustion experiments 
were scheduled to commence in 1985. Precursor experi¬ 
ments employing NASA drop-tower and aircraft facilities 
already have proved to be useful. NASA drop-tower 
facilities proved to be important ongoing contributors to 
low-gravity combustion research. Many of the insights 
provided in recent contributions by Williams, 13 Strehlow,-^ 
Altenkirch,20 and others were developed with the help of 
drop-tower experimentation. The work reported in Ref. 19 
benefited greatly from the accessibility of NASA drop- 
tower facilities. Premixed methane-air flame flammability 
limits (at low-gravity) have been observed in several dif¬ 
ferent apparatus. 12,18 a range of low-gravity drop¬ 
burning characteristics (not previously reported in the 
classic work of Kimagai and Isodal) have been observed 
and/or considered. 13 Flame-spreading rates over solids, 
with and without suppressed gravitational effects, have 
been observed.20 Radiative transport rates for stabilized 
two-phase flames have been measured in drop-tower exper¬ 
iments and associated flame structure and stability charac¬ 
teristics have been observed. 1® These and related studies 
provide essential facts regarding the multidimensional 
characteristics of a range of combustion processes. The 
nine projects listed above have yet to exploit the major 
opportunities identified for each. These nine projects 
attack only a small portion of the body of combustion 
information awaiting resolution through low-gravity 
research. 
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Conclusion 

This brief review has noted several central issues in 
combustion science that await resolution through low- 
gravity combustion research. Low-gravity combustion 
studies promise to eliminate problems that derive from 
gravitational settling and ill-defined and/or unwanted 
mixing processes, thereby permitting well-characterized 
experiments and tractable analytic problems. Where g = 0 
theory and experiments can be brought to reliable corres¬ 
pondence, they both can be used as essential foundations 
for understanding more complex systems that derive for 
g > 0. 
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Chapter 7B 


Comments on Combustion 

R.A. Altenkirch* 

University of Kentucky, Lexington, Kentucky 


Many if not most combustion systems of interest 
involve the gaseous oxidizer and a gaseous or condensed- 
phase fuel. For the gaseous oxidizer, naturally induced 
flows occur when there is a difference between the gravi¬ 
tational body force and the pressure force. These flows 
can be viewed as being due to density differences in the 
presence of gravity. In many situations in which the fuel 
and an ambient oxidizer initially are unmixed (diffusion 
flames), the flow serves to aid the supply of oxidizer to 
the flame and the removal of products from the flame. 
Gas-phase temperatures can range from the adiabatic- 
stoichiometric flame temperature (typically around 
2000-2500 K for hydrocarbons burning in air) to the 
ambient temperature (usually around 300 K). Such tem¬ 
perature differences result in density differences that are 
large compared with what normally is encountered in most 
natural convection situations, giving rise to relatively large 
velocities. 

If liquid phases (e.g., liquid fuels) are present, 
internal circulation within the liquid due to gravity is 
possible. It would appear, though, that buoyancy-induced 
liquid-phase flows are of lesser importance than those 
induced in the gas. Maximum temperatures, limited by the 
boiling point, are substantially lower than those quoted 
above, and liquid densities are not as sensitive to tem¬ 
perature as gas densities. Sirignano concludes that in 
flame spreading over a pool of liquid fuel, the dominant 
mechanism for generating liquid-phase flows, which is 
actually the mechanism responsible for establishing the 
observed spread rate, is that of forces generated because 
of surface-tension gradients.^ Buoyancy-driven liquid 
flows are generally only important for rather large-scale 
fires4 

Berlad, then, correctly focuses on the effects of grav¬ 
ity on the gas-phase flow field and the effect this flow 


Copyright ® 1986 by the American Institute of Aeronautics and 
Astronautics, Inc. All rights reserved. 

♦Professor and Chairman, Department of Mechanical Engineering. 

225 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



WaM's farm hrfamfoa imitrAip Purchased from American Institute of Aeronautics and Astronautics 

226 R.A. ALTENKIRCH 

field or its possible absence at reduced gravity has on the 
combustion process. Many combustion theories ignore the 
effects of gravity and the induced flow, even in situations 
in which it is known to be potentiaUy important, to allow 
the resulting problem to be mathematically tractable. 

Results from such theories are compared with Earth-bound 
experiments in which gravity is present, and it may not be 
clear the extent to which discrepancies between theory and 
experiment are due to the presence of gravity. Particle 
(liquid or solid) combustion in a quiescent oxidizer falls 
into this category of combustion problems. 

The classical theory of droplet combustion, in which 
the effects of buoyancy are neglected, has been around for 
some time. ^ In the absence of gravity and any forced 
flow, the diffusion flame surrounding the droplet is spheri¬ 
cally symmetric. The momentum equation reduces to a 
statement that the pressure is constant, and the resulting 
linear problem for the species, temperature, and flow field 
and burning rate can be solved easily, assuming thermo¬ 
dynamic equilibrium at the liquid-gas interface and that 
gas-phase chemical reactions proceed at an infinite rate. 
The theory can be tested only at a low Grashof number 
(the ratio of a buoyancy force to a viscous force),^ which 
can be achieved by using small droplets or performing 
experiments at low pressures. But ill droplets are 
affected by their support, and they are difficult to study 
in free fall.4 In addition, a reduction in droplet size or 
oxidizer pressure may cause a reduction in the Damkohler 
number in the gas (the ratio of a flame-zone residence 
time to a flame-zone chemical reaction time), resulting in 
finite-rate, gas-phase chemistry becoming important, which 
violates one of the assumptions on which the theory is 
based. 

Some progress has been made in including the effects 
of buoyancy and finite-rate, gas-phase chemistry in 
droplet-burning theory. ^>6 For small particles such as 
those encountered in liquid sprays, droplet extinction 
under spherically symmetric conditions at small diameters 
can be used to determine kinetic constants of a chemical 
reaction of assumed order. Pressure changes also may 
allow the order of the reaction near extinction to be deter¬ 
mined. Such experimental results are best achieved under 
reduced-gravity conditions in which spherical symmetry 
and single, free droplets can be obtained.4.6 

Certain combustion experiments are not only affected 
by the flows induced by buoyancy but also are nearly 
impossible to carry out on Earth. These types of experi¬ 
ments usually fall into one of two categories: those for 
which the initial condition cannot be set up at normal 
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gravity, or those low-gravity experiments for which suf¬ 
ficient experimental time cannot be generated by Earth- 
based experimental facilities such as drop towers. Flame 
propagation through a uniform cloud of combustible par¬ 
ticulates falls into the former category, whereas the free- 
droplet combustion experiment falls into the latter4 

Another combustion problem mentioned by Berlad that 
is difficult to study under low-gravity conditions in Earth- 
based laboratories is that of flame spreading over a solid 
fuel in the absence of forced or naturally induced oxidizer 
flow. Understanding the physics of this process is impor¬ 
tant to the fire-safety aspects of space travel, particularly 
for future manned space missions that are apt to be over 
prolonged periods of time. 

Currently, flame spreading (Fig. 1) is best under¬ 
stood in the presence of either a forced or naturally 
induced flow, a situation that is somewhat opposite to that 
of droplet combustion.This point is not clearly 
established by Berlad. Certain combustion problems are 
better understood in the presence of buoyancy than in its 
absence; flame spreading appears to be one of them. Flames 
spread over a solid fuel by transferring heat forward to 
bring the unburnt fuel up to a pyrolysis temperature 
where it is capable of vaporizing to support the gas-phase 
flame. Forward heat transfer is essential in almost all 
flame-spread theories. Downward flame spreading over 
thin fuels (paper) and thick fuels (polymethylmethacrylate 



FUEL HALF-THICKNESS 
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or Plexiglas) has been correlated using a dimensionless 
spread rate that is a measure of the forward heat transfer 
and a Damkohler number, again a ratio of the flame-zone 
residence time to the flame-zone chemical reaction 
time. 10,11 For infinite Damkohler number, the dimen¬ 
sionless spread rate is unity; as the Damkohler number is 
reduced, a minimum value is reached, below which extinc¬ 
tion is reached. 

The flame-spread correlations mentioned above, 
although containing the acceleration of gravity, fail as the 
gravity level reaches that obtained on a spacecraft. 

Indeed, as gravity vanishes, both the Damkohler number 
and the dimensionless spread rate, at least for a thick 
fuel, approach infinity for all experimental conditions with 
finite oxidizer concentration. This is because the charac¬ 
teristic fluid velocity and length scales are based on 
buoyancy being dominant in establishing the gas-phase 
flow. At reduced gravity, the interfacial velocity due to 
pyrolysis becomes dominant and is responsible for estab¬ 
lishing the gas-phase flow. No theories for this con¬ 
figuration are available, and the amount of data available is 
limited. In addition, drop-tower experiments suffer from, 
under many conditions, an insufficient time in which to 
achieve a steady spread. 12 

One theme that appears above, but that is not empha¬ 
sized enough by Berlad, is that it is in fact dimensionless 
parameters that are of primary concern rather than the 
dimensional parameter gravitational acceleration. Often, 
"reduced"-gravity experimentation can be performed at 
normal gravity by carefully choosing the values of other 
dimensional parameters. As discussed in Ref. 13, for flame 
spread down Plexiglas fuel beds, spread rates down to 
10-3 g ( w ith g measured in the units of Earth's normal 
acceleration) were predicted from elevated-gravity experi¬ 
ments and the dimensionless correlations presented in Ref. 
11. The analysis presented there, which compared favor¬ 
ably with experiments for gravity levels below that of 
Earth (see Fig. 2), is a large Grashof number theory. One 
cannot hold then that by carrying out combustion experi¬ 
ments at gravity levels below that of Earth, one necessar¬ 
ily will learn something new. Experimental conditions, 
including gravity level, must be chosen wisely using what¬ 
ever analysis is available. 

Berlad's chapter states the essential reasons why com¬ 
bustion experimentation under low-gravity conditions is 
likely to provide new insights into certain combustion phe¬ 
nomena. They are summarized as follows: 

o Many combustion theories are based on the neglect 
of the effects of gravity and cannot be adequately 
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tested in Earth-based laboratories (e.g., the 
autoignition phenomena). 

o Low-gravity combustion experiments can be used 
to elucidate how buoyancy-induced flows affect 
combustion processes for those processes in which 
the effect is not clearly understood (e.g., flam¬ 
mability limits in premixed gases), 
o Low-gravity conditions allow certain combustion 
experiments to be established that are difficult if 
not impossible to set up on Earth (e.g., particle- 
cloud combustion). 

It is important to attempt to analyze combustion 
problems in terms of dimensionless parameters where the 
scales of measure are internal. More physical insight is 
apt to be had than when dimensional parameters are used. 
Although Earth-based experimental laboratories are capable 
of answering some of the questions concerning combustion 
under low-gravity conditions, the performance of many 
experiments requires time periods that necessitate the use 
of space-based laboratories. 

Berlad presents a list of combustion phenomena that 
would be better understood if experiments on them were 
carried out under low-gravity conditions. Although study 
of any of these phenomena is apt to provide us with some 
additional insight, some seem to be more important than 
others. Studies of premixed flame propagation and flam- 
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Fig. 2 Predicted and experimental spread rates for spread down 
a semi-infinitely thick PMMA fuel bed as a function of gravita¬ 
tional acceleration. (Reprinted with permission from Acta 
Astronautics , Vol. 12, Vedha-Nayagan, M. and Altenkirch, R.A., 
"Gravitational Effects on Fames Spreading over Thick Solid 
Surfaces," copyright 1985, Pergamon Press, Ltd. [Ref. 13].) 
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inability limits would be particularly helpful in providing 
information on the nature of flammability limits, a phenome¬ 
non that is less than well understood. In addition, most 
appropriate are phenomena in which exact theoretical 
descriptions can be developed and low-gravity experiments 
used to deduce results nearly impossible to obtain on 
Earth. Droplet burning would fall into this latter cate¬ 
gory. These two combustion phenomena, flammability limits 
and droplet burning, have been singled out by Berlad as 
two that would be particularly fruitful to study at low 
gravity, the first phenomenon because little is known of it 
and the second because certain aspects of it are well- 
understood. 
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Chapter 8A 


Fluid Mechanics and Fluid Physics 
in a Low-Gravity Environment 

George M. Homsy* 

Stanford Univeristy, Stanford, California 
and 

Russell J. Donnellyt 
University of Oregon, Eugene, Oregon 


Introduction 

Routine use of the low-gravity environment for 
research in fluid mechanics has not been rapidly accepted. 
Not the smallest barrier has been a belief by some scien¬ 
tists and engineers that experiments in space would be 
unthinkably expensive and complicated. This belief trans¬ 
lates into a position that to justify the conduct of an 
experiment in space, one would first have to establish that 
the experiment could not, under any circumstances, be 
done on Earth. Early meetings on physics and chemistry 
experiments in space often were paralyzed by this view¬ 
point. Yet, some people argued that thinking about using 
the low-gravity environment should be considered no more 
strange than using any other scientific tool or facility, 
such as, in the 1960s, working at temperatures of 1 milli- 
kelvin or having supercomputing facilities routinely 
available to university researchers. These examples were 
simply additional long-range visions of a few far-seeing 
people. But they are steadily gaining acceptance and 
becoming used routinely. 

Once one proceeds beyond the psychological barriers 
to research in space, one's attention focuses instead on 
how those fluid mechanical effects accepted on Earth might 
be altered if gravity were removed or, going one step fur¬ 
ther, if accelerations were obtained in a controlled manner. 
With this more general idea in mind, it is argued by speci¬ 
fic examples that there are many phenomena in fluid 
mechanics for which the motions caused by gravity 1) 
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complicate the interpretation of experimental results, 2) 
mask the effects in question, 3) make good theories in¬ 
tractable, 4) limit the length scales in experiments, and/or 
5) limit accessible regions of parameter space. 

These points are discussed below. This discussion is 
not intended to develop specific experiments that can be 
carried out but to describe broadly the type of physical 
environment low gravity, and indeed controlled gravity, 
makes possible. The viewpoint herein is that fluid systems 
encompass an enormous range of phenomena in which the 
effects of gravitational forces are significant and that may, 
because of the complications listed above, be considered 
prime candidates for experimentation in a low-gravity 
environment. 

Although cited examples span a broad class of fluid 
phenomena, there are some recurrent themes that lead to 
certain general scientific issues and questions. These 
revolve around the emerging study of nonlinear systems, 
as typified by strongly nonlinear turbulent flows, systems 
in which free boundaries occur and in which complicated 
patterns can form, and problems in which instabilities and 
postinstability behavior are not simple and cannot be 
inferred from physical intuition and limited theoretical 
knowledge. Because most examples below involve nonlinear 
systems, another expression of the same set of issues 
might take the form of a series of questions involving the 
nature of bifurcations, limit points, and possible "generic" 
routes to temporal or spatial turbulence, and whether those 
strongly nonlinear systems give behaviors that have a cha¬ 
otic or fractal nature. Recent work on mathematical models 
and nonlinear dynamical systems has indicated a plethora 
of routes to chaotic behavior. At this stage of develop¬ 
ment, then, few if any general statements can be made that 
apply equally to all systems. Just as there are many fluid 
systems in which these issues may be probed profitably in 
the normal gravitational field of 1 g without the complica¬ 
tions listed above, there are a number of systems— 
typically multiphase systems, interfacial problems, or 
systems near critical points—in which the presence of 
gravity constitutes a significant perturbation. 

Another important consideration in this discussion is 
the extent to which theoretical and numerical studies can 
answer such questions, especially with the advent of 
supercomputers. Accordingly, examples have been chosen 
in which, although the basic physical laws governing the 
phenomenon may be well-established, the behaviors are 
time-dependent, three-dimensional, or both, and involve 
such a wide spectrum of length and time scales as to 
render them essentially uncomputable, at least in the near 
term. 
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Cases in Which Gravity Complicates 
the Interpretation of Experimental Results 

Dendritic Growth 


The growth of crystals is an important technological 
area. It is also of interest, however, as a member of a 
class of pattern-formation problems in physics. For some 
of these pattern-formation problems (e.g., viscous fingering 
and diffusion-limited aggregation of colloids), gravity is 
not a significant complication. The patterns formed by 
dendritic growth of crystals, however, are different. Den¬ 
dritic growth is characterized by the morphological insta¬ 
bility of a growing crystal. This instability leads to side 
branching, and those side branches may undergo sub¬ 
sequent secondary instabilities and repeated branching. 

The geometrical properties of the resulting dendritic 
structure are of great interest; in particular the volume¬ 
filling properties may have a fractal character. Questions 
of the mechanisms of such branching instabilities are also 
of interest, as there is some evidence that they reflect 
crystal anisotropies at the molecular level. Glicksman et 
al. have shown such tip instabilities and repeated branch¬ 
ings in a set of beautiful experiments.L2 

Note, however, that crystal growth is essentially a 
nonisothermal process, and the entire dendrite-melt system 
is subject to a nonuniform energy source due to latent 
heat release. Thus, at some scale, buoyancy-driven con¬ 
vection influences the transport of material to the crystal 
surface, thus affecting the growth rates and growth pro¬ 
perties in a way that depends on the orientation of the 
boundary relative to gravity. Indeed, Glicksman et al. 
have shown substantial differences in surface morphology 
and branching structure for dendrites grown parallel and 
antiparallel to gravity, with those antiparallel to gravity 
exhibiting substantially stunted growth.L2 Because crys¬ 
tal growth involves a free boundary that occurs at all 
orientations relative to gravity and because the length 
scale of the pattern is increasing continually, these convec¬ 
tive effects complicate the measurement and inference of 
the asymptotic state of dendritic growth at long times and 
large length scales. 


Mechanics of Granular Media 


Consider the material behavior of cohesionless granu¬ 
lar materials such as sand, floes, and powders. These 
materials are very weak compared with other engineering 
materials and therefore have low failure stresses. Post- 
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failure behavior is important in a variety of scientific and 
engineering applications, including chemical processing of 
catalytic powders, earthquake engineering, geophysical 
catastrophes (e.g., eruptions and landslides). The pres¬ 
ence of gravity represents a nearly insurmountable ob¬ 
stacle to the measurement of failure criteria, failure * mode, 
and microscopic failure mechanisms on the one hand, and 
postfailure behavior on the other. This is so because in a 
sample of sufficient size that continuum properties can be 
measured, the axial stress due to gravity causes a stress 
gradient in the sample. This in turn leads to an inhomoge¬ 
neous material, because some portions are postfailure and 
some prefailure. 

A Physics and Chemistry Experiments (PACE) project, 
under the direction of Professor S. Sture, University of 
Colorado, and Dr. N. Costes, Marshall Space Flight Center, 
is under development to study these issues. The objec¬ 
tives of the experiment are to make measurements of the 
stress-deformation behavior of these materials under low 
confining stresses. Conventional triaxial compression tests 
with continuous measurement of load and strain are 
planned. Furthermore, local "microscopic” photographic 
measurements of the motion of individual particles and 
grains will give insight into the grain-level mechanisms of 
failure. These results will be useful for formulating and 
testing nonlinear constitutive equations for such materials. 


Cases in Which Gravity Masks Effects of Interest 

There are circumstances in which removal of gravity 
allows one to more efficiently study phenomena that are 
present, but masked, in the normal gravitational environ¬ 
ment of 1 g. Note that reduction of gravity often results 
in a reduction or removal of a characteristic length or time 
scale, so that many possible and popular examples in this 
category—for example, motion of a contact line at the junc¬ 
tion between two fluids and a solid, meniscus shapes in 
static and dynamic conditions, and wetting and spreading 
of droplets—also can be considered as providing examples 
of cases in which gravity limits accessible length scales. 

Moving to smaller scale systems often has the same 
dynamical effect as reducing gravity, as discussed below. 
However, there are some examples for which this is not 
true, specifically those examples addressed by Professor 
John Hart (see Chapter 8B). To study geophysical flows 
in spherical shells in the examples cited by Hart, a purely 
radial orientation of the gravity vector is essential and 
obviously cannot be accomplished in a terrestrial setting. 
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In his chapter, Hart discusses the details of how this is 
accomplished in a low-gravity environment by using a 
dielectric fluid. 

Cases in Which Gravity Makes Good Theories Intractable 

Perhaps the most compelling example of this category 
is that of combustion. (Combustion is the topic of Chapter 
7A by Professor A. L. Berlad.) 

Chemically reacting systems are influenced by convec¬ 
tion, diffusion, rates of chemical reaction, and phenomena 
associated with multicomponent fluid systems (e.g., thermal 
diffusion). They are governed by a set of convective- 
diffusion-reaction equations of the form 


and 


Dcj/Dt = 1/Pej). V 2 q - D Rj(ci, C 2 , . . . , T) 
i = 1, 2, . . . N 


( 1 ) 


DT/Dt = 1/Pe V 2 T + D][ AHjRj (2) 

Here Pe, Pep] are the Peclet numbers for heat and species 
transfer, respectively; D is a dimensionless characteristic 
chemical reaction rate (Damkohler number); and AHj are 
dimensionless energies of reaction. The reaction rate 
terms, Rj, are often highly nonlinear, especially with re¬ 
spect to their temperature dependence, and therefore a 
rich variety of bifurcation and instability phenomena is 
possible. These equations must be augmented by the usual 
equations describing the nonisothermal fluid mechanics of 
the mixture. 

One of the great challenges in the field of combustion 
is to attempt to be faithful to both the complicated chemis¬ 
try and the fluid flow. This is often impossible, but pro¬ 
gress can be made in cases in which the flow field is not 
too complicated. The minimization of buoyant convection 
admits the possibility that the flow field may be con¬ 
siderably simpler than would otherwise be the case. 

Cases in Which Gravity Limits the Length Scales of 
Experiments 


Combined Buoyancy and Surface-Tension-Driven 
Convection 


Surface-tension-driven phenomena arise whenever a 
free surface of surface tensions interacts with a field 
(temperature, T; magnetic field, B; electric field, E; and so 
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on) that influences surface tension. The case of thermo¬ 
capillary convection has been reviewed in depth by 
Ostrach4 Consider the two prototype problems sketched 
in Fig. 1: a) involves a stability problem, with a threshold 
temperature difference AT required for convection; b) 
involves convection no matter how small AT. In a), the 
problem is governed by the following dimensionless 
groups^ and thermal boundary conditions at all surfaces. 

In b), similar definitions hold with the exception of the 
capillary number (C a ).3 For other fields, such as electro¬ 
hydrodynamics, similar groups arise. Gravity enters the 
problem through the Rayleigh number (R a , buoyancy- 
driven effects within the fluid) and the Bond number (G, 
density differences Ap at the interface). C a is a measure 
of interfacial deflection due to convection. (See Table 1.) 

Minimizing Buoyancy-Driven Effects . To do an ex¬ 
periment that is essentially dominated by surface-tension- 


( a) 

Free Surface 



* - W 


(b) 


Free Surface 



Fig. 1 Two cases of convection in a layer of fluid of depth d and 
width W where surface tension may be of importance. The 
scalloped line marks the location of the free surface. Cases a) 
and b) are discussed in the text. 


Table 1 Dimensionless groups governing convection 
Dimensionless Group Definition 


Rayleigh number 
Marangoni number 
Capillary number 
Contact angle 
Prandtl number 
Bond number 
Aspect ratio 


R a = gcxATd^/vK 
M a = (-3u/3T) ATd/pK 
C a = (ytc/ffd) 

= Y 

P = v/k 
G = Apgd^/a 
A = d/w 
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driven convection far into the nonlinear regime at high 
Marangoni numbers (M a ), the following conditions must 


hold 




M a » R a 

(3) 

or 




d 2 « (-3o/3T)/(3p/3T) g 

(4) 


when using typical values of ~(3a/3T) = 7 x 10 -2 
dynes/cm-K; ~(3p/3T) = 1 x 10~ 3 g/cm 3 K; g “ 10 3 cm/s 2 ; 
and d « 3 mm. 

This fact is well-known: for most fluids one must go 
to submillimeter length scales before minimizing (but not 
completely eliminating) buoyancy effects. Such experi¬ 
ments in thin layers have been conducted^*? but with some 
degree of difficulty. Furthermore, most measurements at 
such length scales are limited to global properties (e.g., 
surface average temperature and average heat flux). If 
field information (e.g., obtained by velocimetry or thermal 
profiling) is desired, it cannot be obtained working at 
such small length scales. A PACE project (S. Ostrach, 
Principal Investigator) is under development in an attempt 
to measure such field information in domains whose charac¬ 
teristic length is of order centimeters, not millimeters. 
Low-gravity studies of surface-tension-driven flows thus 
present opportunities but also present complications 
regarding the effect of gravity-jitter on interfacial stabil¬ 
ity and integrity. 

Minimizing Free-Surface Deflections . Free-surface 
deflections as a result of convection make the posed prob¬ 
lem a free-boundary one. Challenging numerical difficul¬ 
ties arise if such free-boundary problems are treated in 
generality. However, for most fluids 

C a = (pK/do) - 10" 4 /d ( 5 ) 

where experimenters use cgs units. Thus C a is small for 
any reasonable length, d 3 >° and steady flows may be com¬ 
puted for comparison with experiment by domain perturba¬ 
tion. However, instability modes may be linked intimately 
with free-surface deformability and three-dimensional flows, 
as suggested by Smith and Davis. 3 40 As a result, in ex¬ 
periments involving finite amplitude, traveling waves are 
the only practical way of probing nonlinear instabilities: 
computations of such three-dimensional, time-dependent, 
free-boundary problems at high Marangoni numbers are 
simply too difficult. 
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Minimizing the Effect of Gravity on Free-Surface 
Shapes . To minimize the effect of gravity, we must have 
the Bond number, G, much less than unity. For most 
fluids in 1 g 

G ~ (l)(10 3 )(d 2 )/50 (6) 

- 20 d 2 

Again G « 1 implies d 2 « .05 cm 2 , or d « 2 mm, that is, 
length scales of the order of millimeters. 

Mechanics of Suspensions 

The problems of effective rheological properties of 
suspensions date from A. Einstein's thesis^; because of 
their industrial and technological importance (e.g., slurries, 
separations, colloidal dispersions, flocculation, and blood 
flow), they have been studied intensively for the last 80 
years. One quantity of interest is the effective shear 
viscosity p of a suspension of neutrally buoyant particles, 
normalized by the viscosity Pq of the suspending fluid. 
Einstein showed that for spheres 

5 

y/y 0 = 1 + - <P <t> « 1 



Fig. 2 Dependence of the relative viscosity on the volume frac¬ 
tion of spheres Different symbols indicate the degree of 
scatter from apparatus to apparatus. 
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where 0 is the volume fraction of spheres. Data on such 
systems show a typical behavior with much scatter at high 
concentrations (Fig. 2). There is still no convincing theo¬ 
retical description of such behavior. More complicated 
systems (anisotropic particles, emulsions whose dispersed 
phase can distort, polymer molecules whose conformation 
can change dramatically, and colloidal systems influenced 
by electrostatic and London forces) are even more chal¬ 
lenging. 

Some years ago, Frankel and Acrivos^ introduced an 
ad hoc model that suggested that y/y Q diverges at a criti¬ 
cal concentration, 0 C , above which the suspension can no 
longer be sheared without dilation. They further sug¬ 
gested that 


v/y 0 ~ l/d - t/t c ) 1/3 (8) 

and that the "critical exponent" was in reasonable agree¬ 
ment with experiments. Because of the scatter in the data, 
however, both the leading constant and 0 C varied 
unpredictably. Very recently, Bossis and 
Brady 18» 14 performed large-scale numerical simulations of 
sheared, two-dimensional layers of spheres at high con¬ 
centrations. The "exact" calculation of such a two- 
dimensional problem required substantial time on a Cray 
supercomputer; an exact three-dimensional calculation is 
out of the question. These calculations have shown that 
effective properties do diverge and that this divergence is 
a result of the formulation of large but transient clusters 
of particles with large components of relative velocity 
along their lines of centers. The divergence is then asso¬ 
ciated with these clusters reaching a percolation threshold 
that causes their correlation length to diverge. As one 
approaches <p c , the finite size of the apparatus comes into 
play, with the accompanying variation from apparatus to 
apparatus. To experimentally probe the region near 0 C , it 
is necessary to use a large apparatus, but no system is 
perfectly neutrally buoyant. Small mismatches in density 
due to materials used, small temperature gradients, and so 
forth, will have larger effects as sample size increases. 

A measure of the effect variations in density would 
have on such a suspension is given by a sedimentation 
Grashof number 

G r = gApd 3 /pv 2 (9) 


Suppose the density variation in Ap/p is controlled to 1% 
and the fluid is a viscous solvent with v - 1 cm 2 /s. Then 



Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw Wmfy Purchased from American Institute of Aeronautics and Astronautics 


240 G.M. HOMSY AND R.J. DONNELLY 

the requirement that G r « 1 leads to 

d 3 « P y2 /A P g (10) 

Then in 1 g, d « 5 mm, which is far too small to probe 
for percolation clusters near <t> c . In practice, greater con¬ 
trol of density is possible, but working with a more vis¬ 
cous solvent presents mechanical problems with the high 
effective viscosities encountered near < t c . Obviously, work¬ 
ing with smaller g levels allows one to increase d without 
encountering significant sedimentation problems and thus 
to conduct reliable experiments closer to <f> c . 

Liquid ^He 


The lambda transition in liquid helium (He) is the line 
on the diagram of state (see Fig. 3) that separates normal 
He-I from He-II, which exhibits superfluidity. The figure 
shows that this line has a negative slope, which fundamen¬ 
tally limits the closeness of approach one can obtain on 
Earth to T^. It is desirable to get data closer and closer 
to a phase transition because the predicted properties of 
phase transitions show some sample-independent features 
sufficiently close to the transition. In particular, the 
properties of liquid He are thought to be "universal," that 
is, independent of pressure as one approaches the tran¬ 
sition. 

Figure 3 shows the essence of the difficulty. On 
Earth the hydrostatic head of liquid He in the sample 



Temperature (K) 

Fig. 3 Schematic phase diagram of liquid ^He showing that the X- 
line connecting He-I and He-II has a negative slope. 
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gives a hydrostatic pressure P = pgh, where h is the 
height of the fluid. When gravity is present and one is 
sufficiently near T\, the top of the test-sample cell will be 
in He-II and the bottom in He-I, the transition line being 
somewhere in the liquid in the container. Moreover, the 
properties of the fluid will be smeared out in the container 
instead of belonging to the temperature and pressure of 
interest. More complicating still is the existence of size 
effects; that is, there is a coherence length, which is 
growing large and, indeed, diverging at the lambda transi¬ 
tion. On Earth the samples are made ever smaller to avoid 
gravitational smearing when good science requires that 
they be made larger. Thus the length scale of these 
experiments is limited severely by the effects of gravity. 
(See Chapter 2A by Dr. John Lipa.) 

Cases in Which Gravity Limits Regions of Parameter Space 
Interfacial Shapes 

The mathematical theory of solutions to the equations 
governing isothermal, steady interfacial shapes without 
gravity (the Young-Laplace equation) indicates that there 
are combinations of contact angles and container geometries 
for which steady, single-valued solutions do not exist. 

This theory raises the following questions: 1) do real 
fluids exhibit this loss of single-valued shapes, and, if so, 
2) what configurations will such fluids take when the crit¬ 
ical conditions are exceeded? Although it is possible to 
explore these issues partially by using either neutrally 
buoyant fluid pairs or drop towers, the range of contact 
angles that can be studied and/or the duration of the ex¬ 
periments is severely limited. A low-gravity environment 
could provide the capability of investigating a wide range 
of contact angles and container shapes over relatively long 
periods of time. 

Let ft be the arbitrary cross section of a cylinder 
(Fig. 4). Let £ be the boundary of ft, Z = h(x,y) be the 
interfacial location, and T be the contact angle. The 
Young-Laplace equation of capillary statics is 

V • (H) = const in ft (11) 

H • n = cos Y on £ 

where H = Vh/[1 + (Vh)^]i is the curvature and n is the 
outward normal. For some combinations of £, ft, and Y 
there are no solutions to this equation set (see Concus 
and Finnl5"l'7). 
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A 



Fig. 4 Cylinder of arbitrary cross-section ft and boundary 
z = h(x,y) specifies the location of the interface. 


A PACE experiment (R. Finn, P. Concus, D. Coles, 
Principal Investigators) is under development to measure 
interfacial shapes and address the questions raised above. 

Parametrically Modulated Systems 

Parametric modulation of fluid systems is a relatively 
new field of research of great intrinsic interest (see, for 
example, Davis 1®). Parametric modulation of a non l inear 
system can be accomplished by introducing an incommen¬ 
surate frequency or by force-exciting other modes. A 
nonlinearly forced system with three or more competing 
modes having a shared bifurcation can exhibit chaos. 

One example of a modulated system is the Faraday 
experiment in which standing waves are observed in a dish 
of fluid vibrated vertically. Here, of course, the modula¬ 
tion is required to produce the motion under study. One 
of the interesting features in such experiments is the 
approach to chaos (see, for example, Keolian et all®), but 
another is the case in which two modes of oscillation are 
degenerate.20 On Earth such modulation is limited to small 
variations of about 1 g. In space these could be done 
about zero or some adjustable mean gravity, thus greatly 
expanding the available range of modulation parameters. 

Experiments on codimensional two systems are cur¬ 
rently of interest. A recent experiment by Alders' group 
studied Benard convection of ®He-^He mixtures in a porous 
medium in which two modes are known to be degenerate.21 
Modulation of such a system may produce chaotic behavior 
in the immediate vicinity of the convective threshold and is 
likely to be explored in the near future. Gravitational 
modulation could be a candidate for such an experiment. 
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although in the Benard system the time scales for some 
arrangements are so large that even in zero mean gravity 
the required amplitude of modulation might be too large to 
be realistic. 

Other Fluid Systems 


Steady thermal convection experiments in Benard cells 
are governed by the Rayleigh number defined above. The 
value of g is, of course, usually fixed, and one varies the 
fluid properties to achieve various ends, such as 
Boussinesq or non-Boussinesq properties (see Walden and 
Ahlers^Z), Allowing g to be a variable may usefully 
enlarge the available parameter space for such investiga¬ 
tions. 

A great deal of thought has been given to the beha¬ 
vior of drops and bubbles and the systems they model. 

Two symposia on this topic have been held.23»24 Qne of 
the topics of the first symposium was the behavior of a 
rotating mass of fluid constrained by surface tension. 

This is the famous Plateau experiment in which an attempt 
was made to minimize the effect of gravity by making a 
neutrally buoyant drop. A recent review outlines the 
situation and describes a repeat of Plateau’s experiment.25 
Dr. Taylor Wang of the Jet Propulsion Laboratory already 
has flown a rotating drop experiment on Spacelab 3 and, 
despite technical difficulties at the beginning of the mis¬ 
sion, has observed some beautiful bifurcations. 

Generalizations readily can be envisioned: a very 
important problem is the spin-up of quantum fluids. It 
should be possible to arrange a revolving superfluid drop 
with a single quantized vortex line on its axis. It may be 
possible in a low-gravity system to make neutrally buoyant 
particles (hydrogen-deuterium mixtures) that could trace 
the location of such a vortex line in superfluid He. All 
attempts to do this on Earth have failed, in part because 
of settling problems in a fluid with such small density 
(.145 gram/cm^). 

Experiments on surface instabilities such as the 
breakup of a fluid jet into droplets are limited on Earth 
because the jet is usually vertical and therefore subject to 
acceleration in 1 g. The acceleration also changes the 
diameter of the jet and limits the duration of observation. 
Low gravity ameliorates these problems: jets and, for that 
matter, sheets of fluid could be deployed and examined for 
instabilities without the limitations described above. Thus, 
the range of parameters available is much enlarged owing 
to the removal of gravity. 
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Conclusions 

This chapter has sought to produce a novel classifi¬ 
cation of experiments on fluid systems that might merit 
study in a low-gravity or controlled-gravity environment. 

In any specific case, arguments probably can be made to 
include the experiments under more than one of the cate¬ 
gories above. Whenever possible, the dimensionless groups 
relevant to the phenomena under study have been listed to 
allow one to estimate how successful any given arrange¬ 
ment is likely to be. Irrespective of the details, the 
examples given should demonstrate that fluid dynamics 
experiments provide an astonishingly wide range of phenom¬ 
ena that would benefit from research in space. 
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Chapter 8B 


Electrodynamic Buoyancy Flows as Models of Planetary 
and Stellar Circulations 

J.E. Hart* 

University of Colorado, Boulder, Colorado 


Introduction 

The space shuttle and space station laboratories pro¬ 
vide a unique environment to do both fundamental and 
applied research on hydrodynamic systems, especially those 
involving forces that otherwise would be almost entirely 
obscured by gravitational effects in the terrestrial labora¬ 
tory. There are many relatively weak surface stresses and 
body forces that may become dominant in low gravity. 

These include temperature- and concentration-dependent 
surface tension, temperature-dependent centrifugal forces, 
and forces arising from the action of electric fields on free 
or polarization charges embedded within a liquid. Fluid 
motions generated by this last group are the topic of this 
chapter. 

Described here are research problems in so-called 
electrodynamic buoyancy flows that are driven by a cou¬ 
pling between thermal fluctuations in a fluid and by exter¬ 
nally imposed electric fields. The class of motions 
generated by electric fields in an isothermal medium 
(primarily due to charge injection at the boundaries) are 
of less interest here because they generally are not 
masked by gravitationally induced buoyancy motions that 
occur only when there are density perturbations in a fluid. 
Incompressible flow in closed containers will be emphasized. 
Free-surface phenomena, which can be affected signifi¬ 
cantly by electrical stresses, are treated by Homsy and 
Donnelly in Chapter 8A. In a closed geometry there are 
two ways that temperature variations interact with electric 
fields to generate motions: through changes of either the 
dielectric constant or the electrical conductivity with tem¬ 
perature. Both cases are discussed here. 
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Research in electrodynamic buoyancy flows, or "elec¬ 
troconvection," crosses many disciplines. There are 
fundamental questions of flow instability and transition to 
turbulence that remain unanswered and are of broad 
scientific interest. On the practical side, early work 
suggested that electrically induced motions could enhance 
the performance of certain types of heat exchangers. On 
a broader front, it has been shown that electrodynamic 
polarization effects can be used to generate radial buoy¬ 
ancy forces (i.e., radially directed and dynamically active 
body forces proportional to temperature) in a fluid con¬ 
tained between two rotating concentric spheres. This 
means that it is possible to conduct laboratory experiments 
that have the proper vector relationship between "gravity" 
and the rotation axis necessary to physically model large- 
scale flows in planetary and stellar atmospheres. Meteorol¬ 
ogists, oceanographers, and astrophysicists have long 
recognized the importance of rotation and sphericity in 
determining the character of global circulations. Yet 
terrestrial laboratory experimentation concerned with 
modeling such circulations has been limited severely by the 
locally noncentral character of the uniform gravitational 
field of Earth. Thus, one of the major reasons for studying 
electroconvection in the low-gravity setting is the potential 
for addressing fundamental questions about the nature of 
motions in Earth's atmosphere and oceans, in other plane¬ 
tary atmospheres, and in stars. 




Fig. 1 Cross sections of atmospheric circulation models: a) axi- 
symmetric Hadley models; b) nonaxisymmetric model. 


Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


ELECTRODYNAMIC BUOYANCY FLOWS 249 

Many of the puzzles about planetary and stellar 
circulations arise from an inadequate understanding of a 
"simple" problem: given a rotating spherical shell of fluid 
with radial gravity subjected to a prescribed axisymmetric, 
but radially and/or latitudinally varying heating, what is 
the character of the thermally generated flow? To give an 
idea of the generality of this question and the many pos¬ 
sible applications, a diverse set of astrophysical and 
geophysical examples are described. The limitations of 
terrestrial modeling are restated below, and some of the 
basic ideas behind spherical electroconvection are outlined. 
Relationships with other approaches, such as analytical and 
numerical modeling, are also addressed. Current work, 
including recent experiments onboard Spacelab 3 is out¬ 
lined, and conclusions and suggestions for future low- 
gravity research are provided. 

Planetary and Stellar Circulations 
Earth's Atmosphere 

The general circulation of Earth's atmosphere is one 
of the oldest and most studied subjects in fluid dynamics. 
Although there were earlier speculations, 

Hadley-* presented one of the first truly scientific 
discussions of the problem. His model, shown in cross 
section in Fig. la, seems hopelessly oversimplified today, 
but many of its elements are still accepted. For example, 
he correctly concluded that the global circulation is driven 
primarily by the equator-to-pole temperature difference 
caused by an imbalance between incoming solar and out¬ 
going infrared (IR) radiation at the surface. He proposed 
huge meridional cells with rising motion at the equator 
that, because of angular momentum conservation on a 
rotating planet, are accompanied by upper-level westerlies 
as shown in Fig. la. 

It is now known that such a scheme does not agree 
with the observed water and angular momentum balance in 
the atmosphere, and that nonaxisymmetric waves dominate 
the transport of these quantities in midlatitudes. Smaller 
meridional circulations called "Hadley cells" do exist in the 
tropics when suitable longitudinal averages are taken. 
Bjerknes^ and colleagues initiated this view (Fig. lb), 
which has led to much study of the origins and properties 
of large-scale "planetary" waves. One area of recent 
research has focused on how planetary waves that arise 
from instability of the global Hadley cell break down and 
become chaotic (as Earth's weather most certainly is). 
Numerical and theoretical studies of very simple model sys- 
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terns® - ® have indicated that the route to chaos is in part 
similar to that proposed recently® as a universal transition 
scenario in a wide class of nonlinear dynamical systems. 
These and other similar low-dimensional models are a long 
way from faithfully representing the atmosphere. However, 
they represent one fruitful approach to understanding 
planetary-scale turbulence in at least some limiting range 
of parameters. Controlled experiments are needed to care¬ 
fully explore and extend their predictions. A typical 
experiment that incorporates the key physical constraints 
of rotation, sphericity, and thermal driving by latitudinal 
heating at the bottom would follow the geometry of Fig. la. 
By varying the heating and rotation rate, the transition 
from the Hadley regime to the Bjerknes-Rossby regime and 
ultimately to turbulence could be studied. Would the tur¬ 
bulence contain coherent vortices as postulated by some 
theorists (see Leith^)? If global topography were intro¬ 
duced, would multiple statistical equilibria and persistent 
features appear as predicted by simple models of mechani¬ 
cally forced flow on a sphere with no temperature 
variations?® 

Solar Circulation 


Although the surface of the sun shows a predomi¬ 
nance of features with length scales much smaller than its 
radius, there has been speculation that there are very 
large-scale convective circulations called giant cells be¬ 
neath the surface granulation. ®>1® These circulations are 
weak and difficult to detect, but recent attempts to use 
easily observed 5-min surface oscillations, which act as 
seismic probes of the internal structure of the 
sun,H>12 may suggest their presence (Toomre, private com¬ 
munication, 1985). The giant cells are thought to span the 
convection zone that occupies the outer 20% or so of the 
solar envelope. They are a crucial ingredient in theories 
of the solar dynamo by which magnetic fields are main¬ 
tained against ohmic dissipation and in explanations of 
solar differential rotation. Differential rotation is common 
to many bodies in the solar system (Jupiter and Saturn 
being other examples) and is simply the tendency for the 
surface or cloud layer to rotate faster at the equator than 
at the poles. In the sun, the equator rotates with a 
period of 25 days, whereas the pole rotates slower, with a 
period of about 35 days4® 

Explanations of this differential rotation recently have 
been sought in terms of the transport of eastward momen¬ 
tum towards the equator by giant convection cells that are 
influenced by sphericity and rotation.®>14 Laboratory 
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experiments could help set the control parameter limits for 
this phenomenon. Because significantly higher model heat¬ 
ing rates can be attained in the laboratory than can be 
practically studied using numerical models, analog experi¬ 
ments are useful in checking to see how low-resolution 
analytical and numerical theories hold up when external 
conditions are moved toward the more extreme values 
found for solar convection. For the sun, the simple geome¬ 
try of Fig. 2a is appropriate. It rotates, but not suf¬ 
ficiently fast to be significantly oblate. Thus the 
time-averaged isotherms are nearly spherical, as are the 
geopotentials. There is anticipated to be little or no lati¬ 
tudinal variation of mean temperature; indeed, both the 
average surface temperature and heat flux from the sun 
appear to be independent of latitude. 

Rapidly Rotating Stars 

If a star is rotating rapidly enough to be signifi¬ 
cantly oblate, a global circulation will be generated that 
will look roughly like a reversed Hadley cell. This prob¬ 
lem was worked on by Eddington^ and others who realized 



Fig. 2 Cross sections stellar circulation models: a) geopotentials 
(0) and temperatures (T) for a nbnrotating star; b) a rapidly 
rotating star; c) a spherical model of a rapidly rotating star. 
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that because of thermal or radiative diffusion, the tem¬ 
perature contours in a rotating star would tend to be 
spherical. However, because the geopotentials or level 
surfaces are oblate, as one moves along a level surface 
from equator to pole, one encounters increasing tempera¬ 
tures. This relationship is shown in Fig. 2b. If a star is 
slightly oblate, the essence of the meridional circulations 
so generated can be captured in a spherical model that 
retains the crucial ingredient of a latitudinal temperature 
gradient, hotter at the pole, applied to the bounding sur¬ 
faces (Fig. 2c). The meridional cells can be compared 
with those proposed by Hadley, as shown in Fig. la. In 
analytical studies of these so-called Eddington-Sweet cir¬ 
culations, such quasispherical models are commonly used. 16 
Once one has an axisymmetric circulation set up in a 
configuration like that shown in Fig. 2c, the following 
questions arise: what nonaxisymmetric convection modes 
are possible; will one get differential rotation; will these 
giant cells have the same orientations (primarily north- 
south) as those suggested for the sun in calculations by 
Bussell and Gilman?® When will large-scale turbulence set 
in? Answering these fundamental questions is very diffi¬ 
cult because the basic instability problem is nonseparable 
and involves a two-dimensional background state. This 
simply means that enormous computational resources would 
be required to investigate such problems over a substan¬ 
tial range of the at least five-dimensional parameter space 
controlling even this simple model problem. Experiments 
on convecting spherical shells of fluid with radial gravity 
and prescribed boundary heating can suggest critical tran¬ 
sition regions that may be profitably investigated numeri¬ 
cally. 

Giant Planets 


Recent satellite missions have provided a wealth of 
information about the atmospheres of Jupiter and Saturn, 
and Voyager will soon pass Uranus. Much is yet to be 
understood about the banded structure of Jupiter and 
Saturn. From Voyager observations, Ingersol et alA® and 
Limaye et al4® suggest that the banded structure of 
Jupiter is maintained in part by small-scale momentum 
transfers at the edges of the bands. Busse^O has pro¬ 
posed a theory based on the existence of giant convection 
cells oriented parallel to the axis of rotation deep in the 
interior of the planet below the cloud decks. Simple 
models21>22 indicate that if there are substantial latitudinal 
temperature gradients in the Jovian atmosphere, the giant 
cells themselves would prefer an east-west orientation, 
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thus leading naturally to the banded structure seen in the 
images. 

These latter theories, which propose a radially uni¬ 
form latitudinal temperature gradient ostensibly driven by 
solar heating, appear at odds with radiometer data. 
Ingersol^3 discusses the overall heat balance for Jupiter, 
and a sketch of his results is given in Fig. 3. The motions 
on both Jupiter and Saturn^ are driven by solar heating 
and by an internal heat flux. This internal flux is being 
given up from the deep interiors as a result of slow gravi¬ 
tational collapse of these planets. For Jupiter, the emis¬ 
sion temperature is almost constant at the level of the 
clouds, indicating that at this level there is at best only a 
small latitudinal temperature gradient. Concurrently, the 
IR emission to space is also independent of latitude. How¬ 
ever, the solar flux absorbed by the atmosphere is about 
0.9 relative units near the equator and approximately zero 
at the pole. To maintain an equilibrium, there must then 
be a convective flux up from the interior of the planet of 
roughly 0.5 units at the equator and 1.4 units at the pole. 
How does this come about? Rotation could affect interior 
convection differently at the equator and pole, or the 
degree of radial instability (the radial temperature drop) 
could be less at the equator, leading to weaker convection 
there. This would effectively mean that at the bottom of 
the convection zone, temperatures would be cooler at the 
equator than at the pole. Thus the physical model 



F s =.9 
F e = 14 


Fig. 3 Observed Jovian heat balance (units lO'* ergs cm 2 sec~l): 
F s = Solar Flux; F e = Emitted (IR) Flux; and F c = Flux Through 
Convection Zone. 
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corresponding to this case is similar to that proposed for 
oblate stars in Fig. 2c, but with a uniformly cool outer 
temperature. 

Discussion of the dynamics of the atmosphere of 
Uranus are speculative, but there are suggestions that 
solar heating alone drives the atmospheric motions, and 
that the poles are warmer than the equator.25,26 j s no t 

known where, in the vertical dimension, the radiation is 
deposited. 

Summary 

It has been suggested that fundamental questions 
about the large-scale circulations of a number of planets 
and stars could be studied experimentally in the context of 
a simple model in which fluid is contained between two 
rotating differentially heated spheres with radial gravity. 
What distinguishes the different objects is the manner in 
which the heating is applied. This of course leads to 
vastly different circulations, made more complex by the 
effects of rotation, which can be either strong or weak 
depending on the rotation rate. Table 1 gives a summary 
of some model configurations. 

Terrestrial and Low-Gravity Experiments 

Parallel Plate Convection 


The oldest type of terrestrial convection experiment 
is illustrated in Fig. 4a. Fluid is contained between two 
parallel plates that are differentially heated. The system 
can be set into rotation about the vertical axis. It is clear 
from the geometry of this situation that such experiments 
can be used to study thermal motions analogous to those 
on astronomical objects only in the immediate vicinity of 
the poles where gravity and rotation are aligned. It is 


Table 1 Boundary heating distributions for models of planetary 
and stellar circulations 

Object 

Inner sphere 

Outer sphere 

Earth 

Cool, hot equator 

Warm 

Sun 

Hot, uniform 

Cool, uniform 

Rotating star 

Warm, hot pole 

Cold, cool pole 

Jupiter 

Warm, hot pole 

Cold, uniform 

Uranus 

Cool, uniform 

Warm, hot pole 

Oceans 

Cool, uniform 

Warm, cold pole 
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Fig. 4 Terrestrial laboratory models of thermal convection: a) 
rotating Benard convection; b) annulus convection; c) centrifugal 
convection in spherical shell. 


thus impossible to study the types of meridional circula¬ 
tions or planetary waves mentioned abovM. 

Annulus Convection 


A slightly different type of experiment was initiated 
in the early 1950s.27,28 This is shown in cross section in 
Fig. 4b. A rotating cylindrical annulus contains a liquid 
and the outer rim is heated. Gravity again is aligned with 
the rotation axis. The heating of the outer rim and cool¬ 
ing of the inner wall may be thought of as a crude repre¬ 
sentation of the equator-to-pole temperature difference 
beneath Earth's atmosphere (Fig. la). Indeed, a sort of 
meridional Hadley circulation is set up for low heating 
rates, and this becomes unstable when nonaxisymmetric 
waves appear in the fluid as the heating differential is 
increased. This experiment exhibits a rich set of phenome- 
na/ 3 > JU The waves appear much like atmospheric plane¬ 
tary waves, and studies of their interactions in this and 
similar experiments^ 1,32 have increased our understand¬ 
ing of complex dynamical processes occurring in the 
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atmosphere. However, it is again clear that no element of 
sphericity is present in this experiment. Because curva¬ 
ture is crucial to planetary wave propagation, it would be 
most useful to see how the annulus results carry over to 
spherical systems that maintain the globed relation between 
gravity and rotation. 

Centrifugal Convection 

Busse and Carrigan 33 devised an interesting experi¬ 
ment to look at giant cells in the equatorial regions of pla¬ 
netary and stellar atmospheres. If one rotates a spherical 
shell rapidly enough, the centrifugal force, which is pro¬ 
portional to density, will overwhelm gravity. As shown in 
Fig. 4c, this force is perpendicular to the rotation axis and 
hence allows the study of convection between differentially 
heated spheres near the equator. However, such an exper¬ 
iment does not allow for modeling of the coupling between 
the tropics and the midlatitudes or of the exploration of 
regions of parameter space where the planetary rotation 
rate is not extremely large. Essentially, such studies can 
look only at convection that is almost exactly aligned with 
the rotation axis. 

Electroconvection in Spherical Shells 

The geometry for a radial-gravity electroconvection 
experiment is shown in Fig. 5. A dielectric liquid is con¬ 
tained between two spheres. Arbitrary temperature dis¬ 
tributions, which are functions of latitude, can be imposed 



J.W 


Fig. 5 Geometry for electrodynamic convection with radial gravity. 
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on each spherical surface (see Table 1 for a guide to the 
possibilities). The essential ingredient that allows the 
generation of a radial buoyancy force in which hot fluid 
rises is that the dielectric constant e depends on tem¬ 
perature through the relation 

e = e 0 (1 - a T) (1) 

Here eo is the ambient dielectric constant, a is the coeffi¬ 
cient of thermal expansion, and T is the temperature. 

This equation just reflects that the macroscopic polariza¬ 
tion is proportional to the fluid density (the number of 
polarizable molecules per unit volume), and the density in 
turn decreases with temperature. If the fluid has a long 
charge relaxation time, and the field oscillate ° rapidly, 
there will be no time-averaged free-charge forces. It can 
be shown^ that the only dynamically active (vorticity- 
generating) electric force is then 

F = -0.5 e 0 a T V [E • E(r)J (2) 

which is directed in the radial direction for an electric 
field E that depends only on spherical radius r. Note that 
this force is proportional to temperature and therefore is 
directly analogous to the usual vertically (z) directed 
thermal buoyancy term 


F = g a T z (3) 

that appears on Earth. Now the electric field between two 
concentric spherical conductors each at constant potential 
will indeed be radial, so Eq. (2) provides exactly the cor¬ 
rect radial gravity needed to study planetary and stellar 
circulations. Unfortunately, for available dielectric fluids 
the field strengths are limited by breakdown considerations 
to about 20 kV. For an experiment with a size large 
enough to get well beyond flows accessible numerically, the 
maximum effective radial gravity is of order 0.2 g. This is 
clearly a situation where terrestrial gravity masks the 
desired effect. Thus, a low-gravity environment is neces¬ 
sary to carry out modeling studies as outlined above. 
Another point is that the time scales for convection exper¬ 
iments usually are measured in terms of the fluid over¬ 
turning time. Turbulence experiments require observations 
over many of these eddy time scales, which typically are 
tens of seconds. This, combined with a desire to cover 
many points in parameter space, leads to a requirement for 
many hours of continuous low gravity. 
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Relationship to Computational Hydrodynamics 
Typical Parameter Ranges 

It was shown above that electrodynamic buoyancy 
flows in ac fields can be used to model a large class of 
astrophysical and geophysical flows. A question worth 
addressing is whether similar results could be obtained by 
fully three-dimensional computer solutions of the underly- 
ing hydrodynamical equations. The answer to this ques¬ 
tion largely depends on the parameter range accessible by 
any experiment and, of course, on how many experiments 
need to be done. Take the simple solar convection model 
(Fig. 2a) as an example. For fixed geometry and fluid 
type there remain two nondimensional control parameters 
that may be varied and that determine, apart from initial 
conditions, the character of the flows. The Rayleigh 
number, R a , is a nondimensional measure of the magnitude 
of the buoyancy compared to dissipative mechanisms. It 
thus is one measure of the strength of the convection. 

The Taylor number, T a , represents the relative strength of 
the rotation on the flow by comparing the rotation rate to 
the viscous diffusion rate. The details are irrelevant 
except to note that in this two-dimensional parameter space 
there will be regions where there are weak or no convec¬ 
tive motions and regions where the convection will be very 
strong and highly turbulent. Figure 6 shows a regime 
diagram for thermal convection of this type. Below the so- 
called critical curves there is no convection. Moving ver¬ 
tically at fixed T a , the convection becomes stronger and 
then turbulent. An experimental parameter range for a 
typical electroconvection experiment is shown as well. The 
upper limit on R a of about 10^ is a result of conservative 
estimates of the maximum voltage and heating rates for 
typical fluids. Experiments going well above 10° may be 
feasible. Note, however, that even at R a = 10^ one is 
already at a value about 10,000 times the critical points 
required for convection to first appear at moderate T a . 

Numerical Hydrodynamics 

One can make a crude estimate of the amount of com¬ 
putation required to generate one solution of the three- 
dimensional hydrodynamic equations for a time equal to 
that required for a thermal pulse to diffuse across a typi¬ 
cal laboratory annulus. This so-called thermal diffusion 
time is typically 1000 s. Numerical solutions are attained 
by representing the flow on a three-dimensional grid of 
points with spacing d, and then stepping the partial dif- 
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Fig. 6 Parameter ranges for a typical spherical convection 
experiment in low gravity. 


ferential equations governing the fluid motion forward in 
time. Unfortunately, as the grid spacing is made smaller, 
the time step must be increased so that the solution 
remains computationally stable. 

There should be several grid points across the small¬ 
est scale of convection, so that the motion is adequately 
resolved. As the Rayleigh number increases, thin 
"boundary" layers or thermal fronts appear. If their posi¬ 
tions are known, the grid can be stretched to put points 
where they are needed. But in a turbulent flow, the boun¬ 
dary layers often separate erratically from the spherical 
walls, and it is necessary to fill the entire space with 
high-resolution elements. Models of convection®® and 
observations in terrestrial laboratories®® provide some evi¬ 
dence for the scale of these boundary layers. The fat 
ones scale roughly with R a - -®® times the depth of the 
layer. Being optimistic, one may assume that the thinnest 
layers with exponent 0.33 remain attached to the walls. If 
one settles for just four points across these "wide" layers, 
then covering a whole sphere requires about (4 n ® 
Rg^/depth^) x 4® x R a -'® grid points, where R s is the 
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mean radius of the spherical annulus, typically three or 
four times the depth. The velocities are determined by 
balancing buoyancy and diffusion across the thin layers, 
and scale with R a -®. The numerical stability condition 
(where the maximum time step is given by the grid 
spacing divided by the velocity) then yields an estimate 
for the number of time steps. This is of order R a -^®. At 
each grid point one is further required to evaluate compli¬ 
cated energy-conserving formulas for the advection of 
momentum and heat as well as invert a three-dimensional 
Poisson equation to solve for the pressure. In any case, a 
fairly conservative estimate is that at least 100 floating 
point operations (FLOPS) per grid point per time step will 
be required. Taking all this into account yields an esti¬ 
mate that more than 10® x R a T5 FLOPS would be required 
to do the integration of the governing equations numeri¬ 
cally. If one has to resolve the thinnest layers throughout 
the domain, then the exponent in this last expression is 
2 . 0 . 

It is clear that as the Rayleigh number, R a , increases 
the cost of computation rapidly becomes excessive. For 
example, at R a = 10® about 1CF® FLOPS need to be done. 

On a 1000-MegaFLOP-per-second supercomputer such as 
the Cray 2, this would take about 300 h. At R a = 10^, the 
number jumps to 10,000 h. In practice actual hydrodyna¬ 
mic codes run at least an order of magnitude slower than 
the maximum computing speed would suggest, so these time 
estimates are a bit optimistic. A recent model by 
Kerr , '3'7 usec j 70 h of Cray 1 time to compute a flow for 
about one-hundredth of a diffusion time on a 128® mesh, 
using simpler (periodic) boundary conditions than are 
usually present in convection problems. These estimates 
and state-of-the-art results indicate that the cost to do 
even a few simulations at high Rayleigh number is astro¬ 
nomical. 

Of course one probably would not proceed in such a 
brute-force way. One might run a lower resolution model 
(spectral or grid-point) at these high Rayleigh numbers, 
with the hope that the qualitative aspects of the solution 
would be correct. More complicated variable-mesh schemes 
(where dense grids move to where they are needed) may 
become practical, although they are difficult to vectorize to 
take full advantage of parallel processing. The role of 
experiments is clear. They can verify the qualitative and 
quantitative accuracy of truncated numerical models. They 
allow finer examination of an extended parameter space to 
identify key areas where careful numerical analysis with 
its elegant diagnostics can be used to further interpret 
and understand the observations. Because they can be 
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Fig. 7 Cross section of the geophysical fluid flow experiment. 


run for long periods of time with slowly varying control 
parameters, they can investigate important properties like 
hysteresis in transitions between various states. Many 
recent observations of transition to chaos in various fluid 
systems, especially those using liquid metals, are well 
beyond current computational capabilities, and these are 
observations made at less than a hundred times critical. It 
appears that the most productive approach to many convec¬ 
tion problems should in the future involve a combination of 
laboratory, computational, and theoretical modeling. 

Current Work in Low-Gravity Electroconvection 

An instrument that uses the polarization forces in an 
imposed radial field to simulate planetary and stellar con¬ 
vection has been built under the technical supervision of 
the NASA Marshall Space Flight Center and under the 
general and scientific supervision of the present author 
and J. Toomre of the University of Colorado. Figure 7 
shows a cross section of the instrument. It consists of a 
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central spherical convection cell that rotates under an 
optics housing. Thermal control loops built onto the turn¬ 
table control the temperature on the inner and outer boun¬ 
daries of the spherical capacitor, which contains the 
working fluid. The walls are electroplated with a trans¬ 
parent coating on the outside and a mirrored finish on the 
inside so that a large voltage may be maintained across the 
fluid in the cell. The flows are visualized by taking a 
time series of photographs of two distinct types. Dye 
lines are injected into the fluid photochromically by an 
ultraviolet flash and then are photographed as the fluid 
motions deform them. Also, folded optics are used as a 
back-focus Schlieren system. Thus, radially averaged hori¬ 
zontal temperature gradients of the whole hemisphere are 
reproduced in a series of photographs. The data are 
recorded on 16-mm film. 

This experiment flew on Spacelab 3 (April 30-May 6, 
1985), and a data set on a diverse collection of convective 
patterns was obtained. Some comments on the design 
history and typical shuttle operations may be of interest to 
those assessing the potential for low-gravity research in 
space. Most experiments proposing to look at phenomena 
masked by gravity are very sophisticated because compli¬ 
cated measurement technology is often necessary to look at 
weak effects with sufficient resolution and accuracy in a 
nonintrusive way. This, coupled with operational and 
safety requirements imposed on space hardware, means that 
research programs in low gravity are long-term efforts, 
often involving more than 5 years of development and 
testing. Will new technology, perhaps high-speed ultra- 
computers, come along to make the experiment obsolete 
before it flies? The techniques for running experiments in 
space are rapidly improving as more experience is gained. 
Data for the Spacelab test cited above were recorded on 
film because of the expense and uncertainty (justified as it 
turned out by the loss of two out of three Tracking and 
Data Relay Satellites [TDRS]) of getting vast amounts 
(gigabytes) of image data directly or indirectly to ground. 
Although unavoidable, this turned out to be unfortunate 
because the best way to operate a large class of fluid 
dynamics experiments is in the interactive mode, either via 
a payload specialist or via a downlink of at least some of 
the data. The essence of many of these experiments is to 
vary parameters, observing bifurcations and the like. If 
the experiment time scales are on the order of 1 h or less, 
real-time decisions can greatly improve the scientific 
return. Two methods of doing "hands-on" experiments are 
currently available: actual control via the astronaut or 
remote control via the experiment computer system. On 
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Spacelab 3, the former route was slow because there was 
much competition for the single air-to-ground link. The 
latter was difficult to implement without committing a great 
amount of manpower and money and, with only one TDRS 
and a tendency for the onboard experiment computer to 
crash, perhaps was even less effective. These conditions 
should improve on future space shuttle flights, and the 
space station low-gravity module probably will be designed 
to make the interfaces for interactive experimentation 
easier to implement and operate. Then the true potential 
of many types of low-gravity experiments can be realized. 

Areas for Future Research 
Geophysical Fluid Dynamics 

The experiment described above was designed to look 
at convection problems in systems that are radially 
unstable. This means that the basic boundary tempera¬ 
tures decrease outward. Some of the examples in Table 1, 
most notably Earth's atmosphere and the oceanic ther- 
mocline problem, involve predominantly stable situations 
where the basic temperature field increases radially out¬ 
ward almost everywhere. Problems of wave interactions, 
instability, and chaos in models of Earth's atmosphere 
already have been discussed. W. Fowlis of the Marshall 
Space Flight Center has investigated the possibility of 
constructing laboratory analogs to investigate these pro¬ 
cesses. The basic requirements imposed on such atmos¬ 
pheric general circulation models are rather stringent. 

The fluid layer must be considerably deeper, while still 
maintaining a large electro dynamic gravity field. This 
appears to be difficult to do, but research is continuing in 
this direction. 

If a statically stable model of Earth's atmosphere can 
be constructed, it then would be interesting to consider 
inserting topography so that global flow around mountains 
might be studied. Further, the spherical annulus could be 
broken up into basins by placing meridional barriers be¬ 
tween the bounding spheres. With sufficient remote¬ 
sensing instrumentation (temperature and velocity 
profilers), a significant contribution to our understanding 
of the oceanic thermocline circulation could be made. 

There has been much recent interest in this subject. 

Here the curvature of the oceans due to the sphericity of 
Earth is crucial to the dynamics. There is a real need for 
insight into the qualitative nature of buoyancy circulations 
in closed gyres. What are the shapes of the circulations 
for various degrees of forcing? Where are the boundary 
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layers and what are their functions? Where are the sink¬ 
ing regions? What is the extent of small-scale turbulent 
sinking in these regions, and how are these motions cou¬ 
pled to the mostly laminar large-scale thermocline cir¬ 
culation? These are just some of the problems that could 
benefit from experimental guidance. 

Electroconvection with dc Fields 


This chapter has concentrated on electroconvection in 
the presence of an ac field. Thermally driven electrocon¬ 
vection is also possible in dc fields. The mechanism for 
"buoyancy" is the accumulation of free charge in a weakly 
conducting fluid that is acted on by the Coulomb force. If 
the conductivity is a function of temperature, then thermal 
fluctuations will affect the charge distributions and various 
motions and instabilities become possible. There have been 
many studies of the basic Benard configuration (Fig. 4a) 
with constant electric potentials on the boundaries. 
Turnbull^® observed this class of flow in the terrestrial 
laboratory. His observations were followed by many 
theoretical and experimental works41~45 that have 
attempted to sort out the different thermal and nonthermal 
(charge-injection) mechanisms that can occur. For the 
thermally generated motions, where the conductivity 
current is much greater than the injection current, the 
typical electrodynamic interactions overwhelm gravitational 
buoyancy only at very small plate separation. Unfortunate¬ 
ly, it is precisely at these small distances (< 1 mm) that 
unwanted charge-injection effects can creep in. Thus, it 
would be useful to consider some simple electroconvection 
experiments in low gravity to isolate the electrodynamic 
buoyancy mode in this problem from other perturbations. 

Of primary fundamental interest is that even in the 
absence of gravity, certain of the thermal instability modes 
arise as an overstability (or Hopf bifurcation) where an 
oscillating rather than a monotonic or nonoscillating dis¬ 
turbance grows. These play an important role in modern 
theories and observations of transition to turbu¬ 
lence,^® and it would be beneficial to conduct experiments 
on a system whose primary, instead of secondary or ter¬ 
tiary, instability is of this type. There are, however, 
many technical questions involved with experimental 
controls, electrical boundary conditions, and flow visuali¬ 
zation in this area of research. 
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Chapter 8C 


Comments on Fluid Dynamics 

Simon Ostrach* 

Case Western Reserve University, Cleveland, Ohio 


Homsy and Donnelly's initial premise that the use of 
the low-gravity environment is "routine" is contradicted by 
current experience. Space experiments are expensive, com¬ 
plicated, and require long lead times. Some of these con¬ 
ditions should improve in the future, but with factors such 
as the heavy load schedules for NASA’s shuttle and the 
rigid safety and operations restrictions, it is doubtful that 
in 5 years, if ever, it will be as routine to perform experi¬ 
ments in low gravity as it is in terrestrial laboratories. 
Thus, it seems necessary to identify carefully and to 
emphasize the fluid phenomena that would be different or 
unique in space. 

Homsy and Donnelly present an interesting and dif¬ 
ferent view in attempting to categorize the important low- 
gravity fluid physics research topics. However, the 
examples cited do not appear to have much relation to the 
important turbulence or chaos questions raised, although 
there are certainly many interesting instability phenomena 
worthy of study. There are also interesting phenomena 
involving coupled and nonlinear systems. 

Regarding the remarks on how well theoretical and 
numerical studies can help resolve the problems cited (i.e., 
those with multiple length and time scales), note that such 
problems can be made computable by careful scale analyses 
that identify for retention the dominant and important phy¬ 
sics. In this way, meaningful simplified models can be rea¬ 
sonably studied. 

It is not clear what Homsy and Donnelly mean by the 
statement "gravity complicates the interpretation of experi¬ 
mental results." If experiments are performed terrestrially 
and gravity plays an important role, then how could it 
"complicate the interpretation"? Buoyancy clearly affects 
dendrite formation on Earth; in space, dendrite formation 
may be quite different and, therefore, require study. How- 


Copyright © 1986 by the American Institute of Aeronautics and 
Astronautics, Inc. All rights reserved. 
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ever, how will low-gravity studies be related to those at 
one gravity? The problem arises with many low-gravity 
experiments proposed; that is, how will low-gravity results 
give deeper understanding of phenomena in which gravity 
truly contributes importantly? To observe the differences 
in a phenomenon under the two different gravity levels is 
important in itself. 

The distinction between cases 2 and 4 presented by 
Homsy and Donnelly is not clear. For case 3, what is 
meant by a "good theory" is again obscure. The proper 
definition is that it is a theory in which the dominant 
mechanisms at least are included. Therefore, if one is to 
be "faithful to both the complicated chemistry and fluid 
flow" of combustion on Earth, a "good theory" must include 
buoyancy. For this purpose, advantage has not yet been 
taken of the multiple time scales inherent in combustion 
problems to obtain more tractable and appropriate theories. 
There is, however, merit in studying combustion in a low- 
gravity environment because of a real possibility of fires 
aboard spacecraft. 

Case 4 (gravity limits the length scale of experi¬ 
ments) may be the most compelling. In the parameters 
presented in this case, the thermal diffusivity is omitted 
from the Marangoni number definition, and the capillary 
number as presented is a rather specific one, limited to 
situations (such as the Marangoni instability) in which the 
characteristic velocity is the thermal diffusion velocity 
(ic/d). For that case it has been called the Crispation 
number. More generally, the Crispation number is given 
as Ca = vUr/q^ where Ur is the proper reference velocity. 
For viscous thermocapillary flows for which Ur = OT^IV^, 
the capillary number is equal to a T^/a = G D/G 0 , where 
Gpj is another important parameter called the dynamic Bond 
number. The dynamic Bond number should be included in 
the list presented because it is essentially an indication of 
the relative importance of buoyancy to thermocapillary for¬ 
ces. It is essential that the proper dimensionless parame¬ 
ters be used, for they provide one of the most powerful 
means for obtaining meaningful (theoretical and experimen¬ 
tal) models of real phenomena. 

The example presented by Homsy and Donnelly to 
indicate the scale limitations in making thermocapillary 
flows dominant in a 1-g environment is valid in a gross 
sense. However, by heating a fluid layer with a free sur¬ 
face from above so that some thermal stratification occurs 
to reduce buoyancy (Kamotani et al.), local thermocapillary 
flows were observed in layers centimeters deep4 This is 
an example of how ingenuity can be used to obtain infor¬ 
mation under seemingly impossible conditions. Incidentally, 
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surface temperature distributions were obtained in experi¬ 
ments on small, simulated floating zones. 

The discussion on minimizing the effect of gravity on 
free surface shapes must be understood to apply to iso¬ 
thermal static-free surfaces. When a thermocapillary flow 
occurs, deflections of the free surface due to the flow are 
independent of gravity and are determined by the capillary 
and Weber numbers. 

In summary, a plethora of worthwhile topics has been 
presented for study in a low-gravity environment. Most of 
the comments herein address interpretation and usefulness 
of the results based on the present author's desire to 
understand these phenomena as they occur in nature. 
Therefore, it is not clear how elimination from a process of 
a dominant mechanism such as gravity can improve the 
understanding of it. If the real process is complex, better 
theoretical and experimental approaches must be used; for 
example, microminiature sensors may need to be developed 
to make measurements on a smaller scale. By analogy, 
there was a period when high-Mach-number flows could be 
established only for very small times in shock tubes. This 
led to the development of instrumentation with sufficiently 
rapid response to yield meaningful data. Because many of 
the phenomena described are different in a low-gravity 
environment, and long-residence times under such condi¬ 
tions are becoming a reality, research may be justified on 
that basis alone. 

Hart deals with several interesting and complex prob¬ 
lems concerning planetary and stellar circulations and con¬ 
siders a novel experimental approach to the study of some 
of their aspects. The primary basis for the use of a low- 
gravity environment for Hart's research is to be able to 
impose radial buoyancy forces on a fluid contained between 
two rotating concentric spheres. Electroconvection provides 
the means to achieve this, but its effects would be over¬ 
whelmed by gravity on Earth. 

The emphasis in Hart's experiment is placed on 
obtaining the proper vector relationship between ''gravity” 
and the rotational axis for proper physical modeling. How¬ 
ever, other parameters must also be considered. First, the 
Grashof number must be extremely large on the astro- 
physical and geophysical scales of interest. Figure 6 of 
Hart's paper shows an experimental Rayleigh number of 
about 1CP. His text refers to an upper limit of 10^ for a 
simple solar convection model. The Grashof number, how¬ 
ever, is the parameter that properly describes the flow. 
Since an incompressible fluid is used, the Grashof number 
must be at least an order of magnitude lower than the 
Rayleigh number. Also, the experimental Prandtl number 
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is not in accord with that for gases. Thus, the flow and 
thermal boundary layers will not be properly simulated. 

Has any thought been given to other body forces for 
achieving similar modeling on Earth? For example, how 
about electromagnetic forces, which can be controlled by 
changes in current and magnetic field and permit the use 
of a gas? 

Considerable emphasis is placed on the transition to 
chaos and other instabilities. This is somewhat surprising 
when it is stated that even the "simple" problem of the 
nature of the flow is not known. Would it not be better to 
obtain better understanding of the basic flows before 
attempting to study the much more complex flow tran¬ 
sitions? 

One might also wonder whether the difficulties of 
numerical studies are not overemphasized. Because the 
details of the experiment are not presented, it is not 
possible to determine whether more information is being 
asked from the computer than from the experiment. These 
questions are raised in the spirit previously stated, 
namely, that the space experiments should be as effective 
and meaningful as possible. 

The present author's main points are restated as 
follows: 

o Clear justification and detailed definition should be 
given for proposed space-flight experiments. This 
may require considerable ground-based research. 
More convincing arguments should be presented to 
justify space-flight experiments for clarifying 
terrestrial phenomena. 

o Much more careful and precise use should be given 
to proper use of dimensionless parameters to 
ensure proper simulation of the phenomena of 
interest. 

o Availability of high-speed computers seems to have 
precluded serious analysis of complex phenomena. 

o Much better theories might be developed by com¬ 
bining analysis with computation. The use of mul¬ 
tiple time and length scales, which have not been 
sufficiently used, offers opportunities to do this. 

In the first survey of low-gravity fluid flows, a num¬ 
ber of different types of fluid flows have been identified 
that can occur under low-gravity conditions. 2 Some, such 
as buoyancy-driven and g-jitter convection, are accelera¬ 
tion-field dependent. Others, such as surface-tension gra¬ 
dient, thermoacoustic, and phase-change convection are 
independent of the acceleration field. Although most of 
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these could also occur under normal gravitational con¬ 
ditions, they are usually overshadowed by other flows 
except under rather limited conditions. Thus, they have 
received relatively little attention. However, in a low- 
gravity environment they can become significant and, 
therefore, more careful study of them is required. It is 
also possible that two or more forces can act simulta¬ 
neously. Their combined action can result in unusual 
flows. The little work that has been done on such prob¬ 
lems pertains to very specific situations, so that flows due 
to coupled forces are not, as yet, predictable. 

Of the various topics described above, most emphasis 
has been given to thermocapillary flows, not only because 
of their inherent scientific interest, but also because of 
their importance to the containerless processing of mate¬ 
rials. Some work also has been done on g-jitter convec¬ 
tion. Combined theoretical and experimental work on the 
flow generated by g-jitter in a completely confined fluid is 
reported by Kamotani et al4 The more complex problem of 
g-jitter effects on free surfaces received some attention in 
the 1960s, in relation to liquid rocket fuel sloshing. 
Recently, drop-tower tests and analyses have been per¬ 
formed to gain a better understanding of this phenomena. 
Much more research on this problem is required. 

Aside from the little work summarized in this review, 
this author knows of no ongoing considerations of thermo¬ 
acoustic or phase-change convection. Both of these 
warrant further study. Finally, phase-separation phenom¬ 
ena will certainly be different in space and this opens new 
areas for research. It is clear that there are many impor¬ 
tant and exciting low-gravity problems in the fluid and 
thermal sciences that warrant research efforts. 
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A 

ac 

AFWP 

A1 

alt 

ASTP 

bps 

C 

°C 

Ca 


cgs 

Cl 

cm 

Cy 

DARPA 

dc 

diam 

DOD 

D 

F 

FETs 

FLOPS 

ft 

G 

g d 

Ge 

gm 

g R 

h 

H 

He 

3 He 

4 He 

He-I 

He-II 

Hg 

Hz 


ampere 

alternating current 
Wright-Patterson Air Force Base 
aluminum 
altitude 

Apollo-Soyuz Test Project 

bits per second 

carbon 

degrees Celsius 
Crispation number 
Capillary number 
cadmium 

centimeter-gram-second units 

chlorine 

centimeter 

cyclohexane 

Defense Advanced Research Projects 

Agency 

direct current 

diameter 

Department of Defense 
deuterium 

fluorine; farad (as used in Chapter 3A) 
field-effect transistors 
floating point operations 
feet 

gravitational constant; Bond number (as 

used in Chapters 8A and 8C) 

dynamic Bond number 

germanium 

gram 

Grashof number 
hour 

hydrogen 

helium 

isotope of helium with atomic weight of 3 
isotope of helium with atomic weight of 4 
liquid helium above the lambda point 
liquid helium below the lambda point 
mercury 
hertz 
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ICF 

in. 

In 

IR 

k 

K 

kG 

LAGEOS 


lbs 

m 

M 

M a 

MCZ 

Me 

min 

mm 

Mn 

pm 

n 

NASA 

Nd 

NG 

n.mi. 

NSF 

P 

PACE 

PI 

psf 

psia 

psig 


s 

Se 

Si 

SPAR 

SQUID 

STAMPS 


STS 

T 

Ta 

TDRS 

Te 

U.S. 

USSR 


inertial confinement fusion 

inch 

indium 

infrared 

kilo 

degrees kelvin 
kiloGauss 

Italian satellite system 

pounds 

meter 

mega 

Marangoni number 

Magnetic Czochralski Pulling 

methanol 

minute 

millimeter 

manganese 

micrometer 

nano 

National Aeronautics and Space 

Administration 

neodymium 

nucleation and growth 
nautical mile 

National Science Foundation 
pico 

Physics and Chemistry Experiments 

principal investigator 

pounds per square foot 

pounds per square inch absolute 

pounds per square inch guage 

Rayleigh number 

Renormalization Group 

second 

selenium 

silicon 

Space Processing Applications Rocket 
Superconducting Quantum Interferometer 
Device 

Scientific and Technological Aspects of 
Materials Processing in Space (Report and 
Committee) 

Space Transportation System 
tritium 

Taylor number 

Tracking and Data Relay Satellite 

teiluride 

United States 

Union of Soviet Socialist Republics 
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V 

volt 

w 

watt 

Xe 

xenon 

Z 

atomic number 

Zn 

zinc 
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Appendix B. 


Microgravity Science and Applications: 
Experiment Apparatus 


The following pages are reprinted from Microgravity Science and Applications: Experiment Apparatus and Facilities, 
NASA Microgravity Science and Applications Division, Washington, D.C., 1985 




SAMPLE PARAMETERS 

Maximum Length .7.8 cm 

Maximum Diameter ...2.0 cm 


PHYSICAL CHARACTERISTICS 

Furnace length . 50.80 cm 

Furnace diameter .43.18 cm 

Furnace weight .63.56 kg 


INTEGRAL INSTRUMENTATION Maximum of two thermocouple measurements per sample. 


DATA ACQUISITION CAPABILITIES Real time data acquisition is not applicable to this unit. 
Analysis is performed on the finished samples and on the digital temperature data provided by the thermocouples. 


FACILITY INTEGRATION OPTIONS Presently the GPRF is designed to operate in the Materials 
Experiment Assembly (MEA) in the Orbiter payload bay. 


ADDITIONAL NOTES 

NASA plans to modify the two GPRF's to increase their operating time and temperature capabilities after the MEA- 
A3 <D-1 > Mission which is scheduled in the latter part of 1985. 

Further information may be obtained from Kenneth R. Taytor/PS05. Commercialization of Materials Processing in 
Space Group. Marshall Space Flight Center. AL 35812. 
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GENERAL PURPOSE ROCKET FURNACE 


f SCHEMATIC VIEW 




V 


HEATER MODULE WITH 
SAMPLE CARTRIDGE INSTALLED 
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AUTOMATED DIRECTIONAL SOLIDIFICATION FURNACE 


EXPERIMENTAL CAPABILITY The Automated Directional Solidification Furnace (ADSF) is used to 
individually melt up to four different material samples. Each sample can then be cooled at a controlled rate with 
50-50 ethylene glycobwater in a manner which will promote directional solidification. Up to two rate changes can 
be achieved during the processing of each sample The process allows investigation into theanisotropic properties 
of metals and the unusual electrical, magnetic, and optical properties of unique directionally solidified molecular 
structures 


MODE OF OPERATION Four separate furnace heating units are present, consisting of an individual 
heater module and copper quench block. Each heating unit is translated along the axis of the sample during the 
melt process Cooling is accomplished as the water cooled copper quench block is translated along the sample 
axis The drive system is variable speed with microprocessor control of the translation speed and any required rate 
change Atmospheric and environmental control are maintained by the sealed furnace enclosure. 


OPERATIONAL PARAMETERS 

Translation speed . 

Operating temperature. 


.0.1 mm/hr. to 500 mm/hr. 
.200-500°C (middeck) 

200-1500° C (cargo bay) 
.28 vdc * 4 volts 
.1.175 watts* 


SAMPLE PARAMETERS 

Capacity . 

Ampoule length (nigh temperature version) 

diameter . 

length (low temperature version) . 

diameter . 


. 4 samples 
. .. 135 mm 

.6 mm 

...135 mm 
.. . .6-8 mm 



ADDITIONAL NOTES 

‘Maximum power capability: the ADSF will have a peak power of 357 watts when configured in EAC's mounted on 
the Material Science Lab (MSL-2) m the Orbiter Payload Bay. The ADSF is planned for flight in 1985. 
Further information may be obtained from James A. Fountain-PS05. Commercialization of Materials Processing 
m Space Group. Marshall Space Flight Center. AL 35812. 
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STATIC COLUMN ELECTROPHORETIC SEPARATOR 


EXPERIMENTAL CAPABILITY Up to eight column assemblies can be operated and photographed in 
each apparatus. A constant voltage (nominally 70 vdc) power supply in the apparatus is used to apply potential to 
a maximum of eight columns. The output of the 70 vdc power supply is 40 ma. Once the apparatus is manually 
turned on, it operates for 90 minutes and then shuts itself off. During the 90 minutes of operation. 35 mm 
photographs are taken once every three minutes for the first 10 frames, and then once every two minutes for 30 
frames. This photography sequence can be changed by changing the time-and-control printed circuit board 
assembly. Columns which require no power can be flown without modification of the apparatus. The multi-output 
power supply would have to be modified to provide different column voltage and/or current. 

The meter printed circuit board assembly has nine light emitting diodes (LED) on it that are turned on when each 
photograph is taken. One LED displays the potential applied to all columns, and the remaining eight displays the 
current passing through each column. 


MODE OF OPERATION Each column contains a mixture of a buffer solution and ampholytes to be 
separated. Once the 70 vdc is applied to each column assembly, the buffer establishes a pH gradient. Each 
ampholyte to be separated has its own pH. It migrates to the point in the buffer solution where it and the solution 
have the same pH, which is. known as its isoelectric point (pi). 


OPERATIONAL PARAMETERS 

Voltage .115 vac 

Power .32 watts 

SAMPLE PARAMETERS 

Capacity .8 samples 

Sample container length .15 cm 

diameter ..0.477 cm 

PHYSICAL CHARACTERISTICS 

Apparatus length .. 34 cm 

width .......17 5 cm 

height ...12 5 cm 

weight ..3 4 kg 


INTEGRAL INSTRUMENTATION voltage and temperature readouts are provided with high quality 
photographic recording. 


DATA ACQUISITION CAPABILITIES Sample behavior, voltage, column temperature, and time are 
photographically recorded. 


FACILITY INTEGRATION OPTIONS The apparatus is intended for use on the Orbiter middeck 


ADDITIONAL NOTES The presently available apparatus requires refurbishment and modifications to suit 
specific experiments. 

Further information may be obtained from Kenneth R Taylor/PS05. Commercialization of Materials Processing in 
Space Group, Marshall Space Flight Center, AL 35812. 
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STATIC COLUMN ELECTROPHORETIC SEPARATOR 






ADDITIONAL NOTES Further information may be obtained from James T Rose, McDonnell 
Douglas Astronautics Co., P 0. Box 516. St. Louis, MO 63166. 
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( _ 

ISOELECTRIC FOCUSING EXPERIMENT 




EXPERIMENTAL CAPABILITY This apparatus was developed to determine the best isoelectric column 
configuration for a recycling isoelectric focusing (RIEF) apparatus designed for operation in low-g. Ground-based 
RIEF is possible only through the use of screen elements which assure iaminarity of flow by minimizing 
electroosmosis and limiting convection. The isoelectric focusing experiment (IEF) contains eight column 
assemblies. The first use of the apparatus had columns with different combinations of three kinds of partitions, 
two kinds of buffers, and one kind of antielectroosmosis coating. 


MODE OF OPERATION Seventy volts direct current is simultaneously applied across (end-to-end) each 
column to produce a pH gradient in the buffer and focusing of the materials to be separated. Movement of the 
colored samples to their isoelectric points (the point where the pH of the sample and the pH of the buffer are the 
same) is recorded photographically. 


f OPERATIONAL PARAMETERS 


Constant voltage to each column .70 vdc 

Total current limited to .40 ma 


V_ 

' SAMPLE PARAMETERS 

Sample capacity . 8 column assemblies 


PHYSICAL CHARACTERISTICS The apparatus is configured to replace a standard middeck storage 
locker. 


INTEGRAL INSTRUMENTATION LED display of voltage and current is turned on for each 
photograph. 


DATA ACQUISITION CAPABILITIES Forty 35mm photographs, first 10 taken at 3 minute intervals, 
remaining 30 taken at 2-minute intervals. 


FACILITY INTEGRATION OPTIONS The apparatus is designed to mate with a single adaptor plate 
in the Orbiter middeck. 


ADDITIONAL NOTES Further information may be obtained from Kenneth R Taylor/PS05, 
Commercialization of Materials Processing in Space Group. Marshall Space Flight Center. AL 35812. 
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ISOELECTRIC FOCUSING EXPERIMENT 
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SINGLE AXIS ACOUSTIC LEVITATOR 


EXPERIMENTAL CAPABILITY The Single Axis Acoustic Levitator (SAAL) is a contamerless 
processing facility using an interference technique to automatically adjust for changes in the speed of sound as 
the temperature changes. Samples are injected into a hot-wall furnace that can be heated up to 1600°C in an 
atmospheric environment. After melting, the sample is solidified by allowing it to radiate into an acoustically 
transparent heat sink. Additional samples may be processed sequentially The specimen can be positioned 
without physical means by a weak acoustic levitator and operated automatically following activation The 
apparatus is useful for studying the contamerless formation of glasses, ceramics, or other materials that require 
the presence of an inert atmosphere 



ADDITIONAL NOTES The SAAL flew as part of MEA-A1 on STS-7. June. 1983 
'Sample dependent 

Further information may be obtained from Harry L Atkms/PS05. Commercialization of Materials Processing in 
Space Group. Marshall Space Flight Center. AL 35812. 
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SINGLE AXIS ACOUSTIC LEVITATOR 




(DRIVER) 















SAMPLE PARAMETERS 

Sample diameter . 

Sample volume . 

Max. sample translation . 

Max. sample rotation . 


0.3-2 5 cm 
. 0.14-8 0 cm J 
.3 cm 
.30 rps 



ADDITIONAL NOTES Further information may be obtained from Charles L Youngberg. Jet Propulsion 
Laboratory. 4800 Oak Grove Dr , Pasadena. CA 91109. 
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ACOUSTIC CONTAINERLESS EXPERIMENT SYSTEM 


FURNACE CANISTER 



LENS SYSTEM 

VIDEO CAMERA 

, THERMAL ISOLATOR 

-•SAMPLE RESTRAINT 

-ACOUSTIC WELL 

"SPHERICAL 

GLASS 

SAMPLE 

"ELECTRONICS 

HEATING ELEMENTS 
''SILHOUETTE MIRROR 
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FLUIDS EXPERIMENT SYSTEM 



















Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 


it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


304 APPENDIX B 











Downloaded by RMIT BUNDOORA LIBRARY on August 15, 2015 I http://arc.aiaa.org I DOI: 10.2514/4.865824 



it, kMfsfmw laSimpaw imUif Purchased from American Institute of Aeronautics and Astronautics 


EXPERIMENT APPARATUS 305 


FLUID EXPERIMENT APPARATUS 
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APPENDIX B 


SOLUTE DIFFUSION APPARATUS* 


——————————————— 

EXPERIMENTAL CAPABILITIES The Solute Diffusion Apparatus can keep liquid reactant solutions 
separated until established in earth orbit, and then open the valves separating them to allow the solutions to 
diffuse together slowly and react chemically to form single crystals without gravitational effects. The apparatus 
can control and record the temperature of the solutions and provide for their thermal expansion or contraction 
The solution volumes are variable. 

N, — 


MODE OF OPERATION The apparatus consists of four cylindrical reactors surrounded by a cylindrical 
resistance heater in an insulated cylindrical enclosure and a microcomputer in a separate cylindrical enclosure. 
Each reactor has three compartments. The two outer compartments contain the reactant solutions and are 
separated by a central compartment containing pure solvent. The three compartments are separated by valves 
designed to cause virtually no stirring when they are opened. The microcomputer controls the entire process, 
including control and recording of the temperature and opening of the valves. Electric power is supplied by 
. batteries. 


OPERATIONAL PARAMETERS 






Operating temperature .260-320°K 

Power consumption .5 watts 

Maximum power .37.5 watts 


SAMPLE PARAMETERS 

Total volume per reactor .2 liters 

l - v 


( PHYSICAL CHARACTERISTICS 


Reactor outside diameter .7.6 cm 

Reactor length .71 cm 

Reactor enclosure outside diameter .30 cm 

Reactor enclosure length .82 cm 

Reactors and enclosure mass .48.6 kg 

Microcomputer outside diameter .21 cm 

Microcomputer length .28 cm 

Microcomputer mass .8 5 kg 


INTEGRAL INSTRUMENTATION Thermistors with microcomputer control. 


DATA ACQUISITION CAPABILITIES Reactor temperature is recorded at regular intervals in 
microcomputer random access memory. 


c 


FACILITY INTEGRATION OPTIONS Apparatus may be located in Orbiter payload bay. middeck, or 
free-ftying retrievable satellite. 


ADDITIONAL NOTES The Solute Diffusion Apparatus has been designed and developed by Rockwell 
International Defense Electronics Operations and is currently in flight on the LDEF (1984 to early 1985). 
Further information may be obtained from Dr. M. David Lind, Rockwell International. 1049 Camino Dos Rios, P. O. 
Box 1085. Thousand Oaks, CA 91360. 


Illustration for the Solute Diffusion Apparatus Is not available. 
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